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AHHOTAIUA

Bgenenue. [IpeyioxkeH MOaXoa K MOJYYCHUIO CBETOCUTHAIBHBIX XapaKTEPUCTHK B rpa)0aHATUTHUCCKOM BUC IS
000CHOBaHHS PEKUMOB PabOTHI U3ITYYAIOLICH anmapaTypbl ONTHKO-3IEKTPOHHBIX KOMIUIEKCOB UCTAHIHOHHOTO
30HAMPOBaHUS 3eMid. [laHHbIE KOMIIJIEKCH MPUMEHSAIOTCS U1 BEJCHUS ChbEMKHU B YCIOBUAX HEJOCTATOYHOU
€CTECTBEHHOM OCBEIICHHOCTH MECTHOCTH MO IPHYMHE CIOKHOTO penbeda, reorpaduieckoro MoIoKeHns paiioHa M
HU3KorO TosioxkeHust CoJHIIA HaJl TUIOCKOCTBI0 MECTHOTO ropu3oHTa. MeToabl. C HCIONBE30BaHUEM TIPEICTABICHHOMN
MOJIEJIM MPOBEACHBI PacueThl IHEPreTHYECKOH OCBEUIEHHOCTH 36MHOM MOBEpXHOCTHU. [loCTpOeHbI 3aBUCUMOCTH,
YUYUTBHIBAIOIIHNE BIHMSHUE HA paclipe/ieleHue CIEeKTPaJIbHON MIOTHOCTU MOTOKA JIEKTPOMArHUTHOTO M3JIydeHUs
nostoxkeHust CotHIa HaJl TNIOCKOCTBI0 MECTHOTO TOPU30HTA JUIsl KOHKPETHBIX JIaT U CYTOYHOTrO BpeMeHU. OCHOBHBIE
pe3ynbrarhl. [TomydyeHbl CBETOCUTHATIBHBIC XapaKTEPUCTUKH, KOTOPBIC MOYKHO HCIONIB30BATh Il 000CHOBAHUS PEKUMOB
paboThl M3IMyYarolIell anmaparypbl ONTHKO-JIEKTPOHHBIX KOMILJIEKCOB. Ha 0CHOBE CBETOCHIIBHBIX XapaKTePHCTHK
CcJieNaH BBIBOJ O HEOOXOIUMOCTH UCKYCCTBEHHOTO YCHIICHHUS CIIEKTPAIbHON MIIOTHOCTH MOTOKA U3ITyYCHNUS B 331laHHOM
JIMara3oHe CIIEKTPa C IETbI0 TOCTIKEHHS TpeOyeMol OCBEHIEHHOCTH CHUMAEMOT0 YJ4acTKa 3eMHOW MOBEPXHOCTH Ha
KOHKPETHBIC JIaTy ¥ BpeMsl. YCHUIICHHUE CIIEKTPaIbHOM INTOTHOCTH MOTOKA U3TYYEHHS TTO3BOIIIIO CO3AaTh AKCIIO3HIIHUIO,
Tpebyemyro it pOpMUPOBAHUS H300paKEHHH ¢ BRICOKUMH H300pa3HTeIbHBIME CBOMCTBaMU. O0cy:KkaeHune. Pe3yabTaTs
BBITIOJTHCHHOTO MOJICTUPOBAHUS MOTYT HaWTH MPUMCHEHHUE B 3aJlauc MPOTHO3UPOBAHUS KauecTBa M300paKeHUH,
MOJYUYEHHBIX C UCIOJIb30BAaHUEM HUCKYCCTBEHHBIX MCTOUHHMKOB ONTHYECKOW MOJACBETKH. [IpeaiokeHHbIi moaxo
MO3BOJISIET MOTYYUTh U300PAKCHNUS, XapaKTEPU3yEMbIe BRICOKHM 3HAUCHUEM JINHEHHOTO pa3pelicHns] HA MECTHOCTH, HE
npuberast K HOBBIILICHUIO BPEMEHH HAKOILICHHs 3apsiia (POTOMPUEMHBIM YCTPOMCTBOM PErHCTPHUPYIOLIEH anmaparypsl.
IIpumMeHeHue pacCMOTPEHHOTO MOIX0Aa Hanboiee akTyallbHO B YCIOBUSAX BEICHHUS a3POKOCMHUUECKON CHEMKH.

KiioueBbie cjioBa
ONTHUYCCKasA MOACBETKA, CBETOCUTHAJIbHAA XapAKTEPUCTHUKA, OIITUKO-3JICKTPOHHOE KOMIIJIEKChI

Cecepuiaka s nurupoBanus: Antyxos A.U., Kopurynos JI.C. MonenupoBaHue 0CBEIIEHHOCTH 3éMHOI TOBEPXHOCTH
UIS BEIOOpA PEKMMOB pabOTHI HCTOYHUKA M3MydeHus / HaydHo-TexHIYecKril BECTHUK HH()OPMAIIMOHHBIX TEXHOJIOTHH,
mexanuku u onTuku. 2023. T. 23, Ne 6. C. 1077-1083. doi: 10.17586/2226-1494-2023-23-6-1077-1083

Modeling the illumination of the Earth’s surface to select the operating modes
of the radiation source
Alexander I. Altuchov!, Denis S. Korshunov2™?
1.2 Mozhaisky Military Aerospace Academy, Saint Petersburg, 197198, Russian Federation
l'aai_51@mail.ru, https://orcid.org/0000-0002-4105-0296
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Abstract

An approach to obtain light-signal characteristics in graphoanalytical form is proposed to substantiate the operating
modes of the emitting equipment of active optoelectronic complexes of remote sensing of the Earth. These complexes are
used for shooting in conditions of insufficient natural illumination of the terrain due to the difficult terrain, geographical
location of the area or the low position of the Sun above the plane of the local horizon. Using the presented model,
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MoaennpoBaHne 0CBELLEHHOCTN 3EMHOW MOBEPXHOCTU ANs BbibOopa PeXMMOB paboTbl NCTOYHMKA U3NTYHEHUS

calculations of the energy illumination of the Earth’s surface were carried out, dependencies were constructed that take
into account the influence of the position of the Sun above the local horizon plane for specific dates and daily time on the
distribution of the spectral density of the electromagnetic radiation flux. Light-signal characteristics have been obtained,
which can be used to justify the operating modes of the emitting equipment of active optoelectronic complexes. Based
on these characteristics, it is concluded that it is necessary to artificially enhance the spectral density of the radiation flux
in a given range of the spectrum in order to achieve the required illumination of the photographed area of the Earth’s
surface for a specific date and time. The amplification of the spectral density of the radiation flux makes it possible to
create the exposure required for the formation of images with high visual properties. The simulation results are used in
the problem of predicting the quality of images obtained using artificial sources of optical illumination. The proposed
approach makes it possible to obtain images characterized by the high value of linear resolution on the ground, without
resorting to increasing the charge accumulation time by the photodetector of the recording equipment. The application

of this approach is particularly relevant in the conditions of conducting aerospace surveys.

Keywords

optical illumination, light-signal characteristic, optoelectronic complexes
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BBenenue

OxuH U3 >JIEMEHTOB Mpolecca MIAHUPOBAHUS TIPH-
MEHEHHS ONTHKO-JIEKTPOHHBIX CHCTEM TUCTAHIIMOHHOTO
30HIUPOBAHUSA 3€MIIH — HKCIOHOMETPHUYECKHUH pacyer,
Ha OCHOBE pe3yJbTaToB KOTOPOTO BBIMOJIHIETCS BHIOOD
PEKHMMOB ChbEMKH 3€MHOM MOBEPXHOCTH, 00ECIIEUNBAIOIIIX
NOJIYy4Y€HUE CHUMKOB, IPUMCHUMBIX JJId UHTEPIIPpETAIUN
[1-5]. B ocHOBE PKCIIOHOMETPUYECKOTO pacuera JEKUT
HCIOJIb30BAHNE IKCIIOHEHIUAIBHBIX (YHKIUH, HIMPOKO
TIPUMEHSIEMBIX JUIsl NCCIIEA0BAHMS YCIOBHIA pocTa U JIerpa-
JIAIlUH TIPOIIECCOB, aHAIIN3a PACTIPOCTPAHEHHS CUTHAJIOB U
Ipyrux QU3HUecKuX sBiIeHui. Hampumep, npu mmaHupo-
BaHWH MPUMCHCHHUS OITUKO-3IEKTPOHHBIX CUCTEM IHCTaH-
IIMOHHOTO 30HANPOBAHMS 3€MJIM Ha OCHOBE SKCIIOHCHIIH-
AIBHBIX (QYHKIIUH MOJETUPYETCS OCBEUICHHOCTh 3€MHOU
TTOBEPXHOCTH C Y4ETOM MECTHOTO BpeMeHH. lomydeHHbIe
JaHHBIC UCIOJB3YIOTCA IJIsA BBI60pa OINITUMAJIBHOTO BpEC-
MCHU CBHEMKH, KOIZIa YIroJ nmag€Husl COTHECYHBIX Hy‘leﬁ Ha
3eMHYIO [TOBEPXHOCTh 00ECIIEYMBAET IKCIIO3UIIMIO, Tpe-

b

Oyemyto as popMHUpPOBaHUS M300pPaKEHUH C BBICOKUMH
1300pa3UTEIHHBIMHA CBOWCTBAMH.

Takke MOTOJHUTEIBHO B paMKaX dKCIIOHOMETPHUYE-
CKOTO pacyeTa MOXHO OLCHUTh U3MCHEHHUE OCBEIICHHO-
CTH 36MHOU MMOBEPXHOCTH B TCUCHUE CBETOBOTO JIHS, YTO
MO3BOJISICT BBITIOJIHUTH KOPPEKIIUIO BPEMEHU HAKOIUICHUS
3apsga GOTONPUEMHBIM YCTPOHCTBOM PErHCTPUPYIOIICH
anmaparypbl U MOJYIUTh H300pakeHHE, XapaKTepusye-
MO€ BBICOKHUM JIMHEHWHBIM pa3pellieHHeM Ha MECTHOCTH.
IpuBenem npumeps (puc. 1) CHUMKOB MECTHOCTH, YUHUThI-
BarolIKe pasupie nojokenus: CoHIA HaJl 3MHOI TTOBEPX-
HOCTBIO. Ha puc. 1, a, b moka3aHbl y9aCTKH MECTHOCTH,
KOTOpbIC HE OCBEIICHbBI MPSIMBIMU COJIHEYHBIMH JIyYaMHu U
PacCIiojIoKEHbI B TEHU, YTO CYIIECTBEHHO CHU3UJIO Kadyc-
CTBO COOTBETCTBYHOINUX (pparMeHTOB n300pakeHuit. Ha
n3zoopaxenusix (puc. 1, ¢, d) mogoOHbIe 00J1aCTH BUIHBI
OTYETJIMBO, BCJICJCTBUE TIPABUIIBHOTO yUeTa YCIOBHUIT OCBe-
IICHHOCTH U BBIOOPA COOTBETCTBYIOIIUX PEKUMOB PaOOThI
PETUCTPUPYFOIICH anmaparyphl.

Puc. 1. CHUMKH 3eMHO#i TIOBEPXHOCTH C LIEHTPOM B Touke cHsTHs koopauHat WGS 84 (81.080039, 42.620698), myoOnukyembie
kaprorpadpuueckumu cepsucamu: ESRI Satellite (a); Yandex Satellite (b); Google Satellite (¢); AutoNavi Satellite (d)

Fig. 1. Images of the Earth’s surface centered at the point of removal of coordinates WGS 84 (81.080039, 42.620698), published by
cartographic services: ESRI Satellite (a); Yandex Satellite (b); Google Satellite (c); AutoNavi Satellite (d)

1078

Hay4yHO-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MeXaHUKn 1 ontukn, 2023, Tom 23, N2 6
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 6



A.N. AnTtyxos, [.C. KopyHoB

B ka)k710M KOHKPETHOM CTydae IKCIIOHOMETPHYECKOTO
pacdera HEOOXOIMMO yUUTHIBATh TEMATHYECKOE Ha3Ha4e-
HUE U300paKEHUH U PEKUMBI PabOTHl PETUCTPHUPYIOIIEH
anmnapaTtypsl B BUANMOM U ONVDKHEM MH(PAKPACHOM -
arnasoHax. /laHHOe yTBepKJieHHE OOBSCHSIETCS TEM, 4TO
B TIpeJieNiax MOJIOCHl 3aXBaTa MOTYT HAaXOAUTHCS YIaCTKH
MECTHOCTH, 00JIalafoIIre Pa3TuIHBIMI PU3UICCKUMU
CBOWMCTBaMH B yCJIOBUSIX IIPSIMOTO M HEMPSMOT'O OCBEILICHUH
Comaiem. OTMETHM, YTO BEIOOP COOTBETCTBYIOIIETO PEKU-
Ma paboThl PErHCTPUPYIOLIEH armnapaTrypbl He 00ecIeunBa-
€T B ITOJIHOM Mepe MoNy4YeHue H300paykeHNH, MPUMEHUMBIX
U1 uHTepnperauuu. HanpumMep, B yClI0BUSAX CIOXKHOTO
penbeda MECTHOCTH U ITPU BBICOKUX 3HAYECHUSIX 3EHUTHOTO
yria ConHIla HEBO3MOXKHO JIOOMTHCS 9KCIIO3ULINH, Tpedye-
Mo# Jutst hopMupoBaHus n300pakeHuii [1, 6].

Pemnts 0603HaYeHHYO IPOOIEMY MOXKHO ITyTEM IPHU-
MEHEHHS! ONITHKO-JIEKTPOHHBIX KOMIUIEKCOB, OCHAIIIEHHBIX
YCTPOMCTBAMH MCKYCCTBEHHOH ONTHYECKOW MOACBETKH
[7—10]. Pexxumbl pabOTHI TAKUX yCTPOHCTB HOIDKHBI CHH-
XPOHHU3HPOBATHCS C PEKUMAMHU PAOOTHI PETUCTPHPYIOIIEH
anmaparypsl Hd OCHOBE CBETOCUTHAJIBHBIX XapaKTEePUCTHK,
HarpuMmep, Cl'[eKTpaJ'H:HOﬁ TIJIOTHOCTH IMMOTOKA U3JTYYCHUA U
SHEPreTHYEeCKON OCBEIIEHHOCTH 3eéMHOM moBepxHocTH [11].

Lenb paboTel — 000CHOBaHUE BBIOOpA IMapamMeTpoOB
paboThl M3ITyYaroell anmaparypbl ONTHKO-3JIEKTPOHHBIX
KOMIIJIEKCOB C YYETOM €CTECTBEHHBIX YCIOBHI OCBELICH-
HOCTH 36MHOH ITOBEPXHOCTH.

Mopnesib 3HepreTH4ecKoil 0CBeIeHHOCTH
3eMHOI IIOBEPXHOCTH

OcCHOBHasl CBETOCHTHAJIbHASI XapaKTEPUCTHKA, UCIIOJIb-
3yemast JuIsl BEIOOpa mapaMeTpoB padoThl (POTONPUEMHOTO
yCTpOICTBa PErUCTPUPYIONIEH armaparypbl — OCBELIEH-
HOCTBh 36MHOHM MOBEPXHOCTH, KOTOPasi CO3aeTCsl NPSIMOi
U paccesHHOU comHeuHol pajguanueit [11, 12]. [Ipu aTom
BEJIMYMHA OCBEIICHHOCTH OIPaHNYEHA CBOWCTBAMHU aTMOC-
(bepsr, TeorpaduuIecKUMU 0COOSHHOCTSIMU JTaHIIIa(TA,
BpPEMEHEM CYTOK U Ipyrumu (akropamu. B cBoro ouepesns,
IIpsMasi COJTHEYHas paguanyst — OOMyYeHHOCTh MTOBEPX-
HOoCcTH 3emuu n3mydeHuem Comnia. B BepxHell rpanuie
armMocdeps! uznydenne or CollHIa OXBAaThIBAET YJIbTpa-
¢uoneroyro (200-380 um), Buaumyto (380—-780 um) u
uHppakpacHyto (780—450 HM) 00acTH CIIEKTpa, a YHEP-
reTHYeCKas OCBELIEHHOCTh Ha TpaHuIe ¢ arMochepo Ex
cocrasiser 1350 Br/m2,

Benuuuny crnexTpanbHOH COJHEUHON MOCTOSAHHOM
E+«(A)\) na rpanune ¢ arMmocdepoil Ut Auana3oHa JUIMH
BOJIH CTIEKTPA JIEKTPOMArHUTHOTO M3Iy4eHHS [A[, A,], B
KOTOPOM BeIeTcs CheMKa, Halimem mo ¢opmyme [1, 5]:

{ZE(x, T)d)
Eu(A)) = By, (1)
{ E(\, T)d\

rae AL — MHTepBaJl CHEKTpa 3JIEKTPOMArHUTHOTO H3-
IyuyeHHs, B KOTOPOM BeleTcs cbeMka; [} = 0,2 MKM U
[, = 4,5 MKM — HMXKHSS U BEpXHSA I'PaHULIbl HHTEPBaja
criekTpa m3nyueHust ConHua; Ay 1 A, — HIKHSS U BEPXHSIS
IpaHMIbl HHTEPBAJIa CIICKTPa U3JIYyYCHHUs, PETHCTPUPYe-
Moro npueMHHUKOM; E(A, T) — criekTpaiibHas IUIOTHOCTh

MOTOKA U3ITyYECHHUS, UCITyCKAeMOTO €ANHUIIEH TOBEPXHOCTH
a0COJIFOTHO YEPHOTO TeJia ¢ TemiepaTypoid 7 Ha JUIMHe
BOJIHEI A.

PaccunTtaem cnekTpanbHyrO MIOTHOCTS [1]:

2nhc? 1
E(}\'a D:E* }\‘5 he > (2)
exp (—) -1
AT

rne h = 6,626176-10-34 JIxx-¢c — nocTosnHas Ilnanka;
k= 1,38062-10"23 JIx/K — nocrosunas Boabimana;
¢=2,9979258-108 mM/c — ckopocTh cBeta; T — TeMmrepa-
Typa abcomoTtHo yepHoro Tena (7= 6000 K).

[Tpn BeseHNM a3POKOCMUYECKON CHEMKH CYMMapHYIO
OCBEIEHHOCTb 36MHO OBEPXHOCTU £ IpH SICHOM Hele
paccunrtaem o popmye [1, 13]:

—_e %

EC = E«Sinhs« e Tocosec/y 4 T(l — Frocosech*) s (3)
rae h« — BeicoTa CoJIHIIA HaJl IIJIOCKOCTBIO MECTHOI'O I'0-
PHU30HTA; T, — ONTHYECKas TOJIIMHA cI0s1 aTMochepsl,
XapakTepu3yIoIas ee Npo3payHOCTh, KAK KOJIMYECTBEHHAs
OLIEHKa Hapsiy ¢ Kod(hPHUIUEHTOM npornyckanus 7 = e To.
Hcnosnb3oBanue BoipakeHus (3) npeaycMaTpiBaeT Bbl-
YHCIICHUE 3HAYCHNUS SKBUBAJICHTHOM TOJIIIMHBI [TONJIOIAI0-
IIETO CJI0s aTMOC(ephl AT UHTEepBala JUIUH BOIH [A;, A,]
o opmyuie [14]:
1%
To(A0) = — [1,(V)d, @)
Al 1,

rae AL — WHTEpBaJI CIIEKTPa dIEKTPOMarHUTHOTO H3ITyde-
HHS, B KOTOPOM BEZIETCSl CheMKa; T,(A) — SKBUBAJICHTHAs
TOJIIMHA MONIOMIAOIETO CJI0s aTMOC(EpBI UL 3aJaHHON
JUTMHBI BOJTHEI A.

C ydeToMm BeIpakeHUH (3) 1 (4), pe3yasTUpPYIOIIee BHI-
pakeHUe JUIs OLICHUBAHHS OCBEILICHHOCTH 3¢MHOI TIOBEpX-
HOCTH ITIPHU SICHOM HeOe JUISl CIeKTPaIbHBIX MO/IHAIIa30HOB
OIITHYECKOTO U3ITy4EeHHs UMEeT BUJI

Ec(AL) = E«(A))sinh. [rrom)cosech* +
1 — @)
+——(1 - ef‘ro(Ak)cosech*)]' %)
2
B BBIpakeHnu (5) Benn4rHa OCBEIIEHHOCTH 3aBUCHT OT
3HaueHUs yriia BeICOThI COJHIIA HaJl MIIOCKOCTHIO MECTHOTO
TOPU30HTA /1x, KOTOPOE paccuuTaeM 1o Gopmysie:

Sin/1x = SINQ+SINOx + COS PxCOS OxCOS L, 6)

rJe (@ — acTPOHOMHYECKas! IHUPOTa 00BEKTa ChEMKH;
8+ — cxionenue ComHia; t« — 9acoBoit yroi ComHia B
MOMEHT BPEMEHH ChbEMKH.

C ucnonb3oBanueM Gopmyi (1)—(6) BbIIOIHUM MO-
JICTUPOBAHUC YHEPTETHUECKOW OCBCIICHHOCTH 3€MHOMU
MOBEPXHOCTU M MOCTPOUM Tpadh)0aHATUTHICCKHE XapaK-
TEPUCTHUKH CIIEKTPAJIBHON INIOTHOCTH MOTOKA JICKTPOMAr-
HUTHOTO W3JTYYCHHUS, YUUThIBatomIee oiokeHue ConHIa
Ha KOHKpPETHBIC aTy U BpeMs. [lomyueHHBIE pe3ynbTaThl
MOJICIIUPOBAHUS MOTYT OBITH MPUMEHEHBI JUIsI 000CHO-
BaHUsI BEIOOpA TUIIOB U PEKUMOB PabOThI U3ITyUAOMICH
anmnaparypbl OINTHKO-JIEKTPOHHBIX KOMIUIEKCOB.
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Pe3y.]'ll)TaT]>l MOACIUPOBAHUSA CBETOCUTHAJIBHDBIX
XAPAKTEPUCTUK UCTOYHHUKA OITHYECCKOI0 U3JTYyUCHUHA

Ha puc. 2 moka3zansl rpadudecKue 3aBHCUMOCTH, TI0-
JTydeHHBIE ¢ Ucmonb3oBanueM hopmyin (5) u (6), 1eMoH-
CTPUPYIOIINE PACTIPE/ICTICHNE OCBEIIEHHOCTH 3eMHOM TI0-
BEPXHOCTH C YYETOM JaThl U BPEMEHH CHEMKH, a TaKXKe
KOOPJMHAT OCBELIAEMON TOYKHU. 3HAUEHUST OCBEIIEHHOCTH
MIPEJCTABICHB B HOPMUPOBAaHHOM BHUJI€ HAa UHTEPBAJe OT
0 no 1.

U3 puc. 2, a BUIHO, YTO TOUKA 36MHON TOBEPXHOCTH C
xoopauHaTamu 59°57'00” ceseproii mupotsl u 30°19'00”
BOCTOYHOM 1osrotsl ocseraercs ConaueM ¢ 00 g 00 Mmua
22 nrons 2023 roma 1o 00 1 00 mun 23 mronsa 2023 roga Ha
npoTspkeHun 18 1 50 MuH. MakcuManpHOE 3HAYCHHE OC-
BemenHoctu 0,9 mpuxomures Ha 12 9 50 muH. JomycTM,
YTO IOPOTOBOE 3HAUCHHUE, TIPH KOTOPOM BO3MOYKHO BE/ICHHE
CBEMKH B €CTECTBEHHBIX YCIOBHIX OCBEIICHHS, COCTAB-
nsiet 0,4. ITpu 5TOM BpeMEHHOI MHTEpBajl BEACHUS ChEeM-
ku coctaBut ¢ 05 1 30 mun 1o 20 4 45 mun. Ha puc. 2, b
MOKA3aHO CYIIECTBEHHOE COKpAIleHHE BPEMEHHOTO HH-
TepBasia ocBemieHuss CoIHIIEM YKa3aHHOW TOUKH 3€MHOMI
noBepxHoctu 10 05 4 50 MuH B cityyae BbIOOpa J1aThl Ha-
Omronenust 22 nexadps 2023 rona. MakcuManbHOE 3Haue-
Hue ocgerienHoctu 0,55 npuxoautcs Ha 12 y 55 mun. [pu
AQHAJIOTHYHOM ITOPOTOBOM 3HAYCHHUH JIJISI BEICHHUSI ChEMKH
B €CTECTBCHHBIX YCIIOBHUIX OCBEUICHHUS TaKKe OTIPEICITNM
BPEMEHHOW MHTEpBAJ BeleHns cheMku — ¢ 11 1 00 Mmun
10 15 1 00 MuH Ha BEIOpaHHYIO JaTy.

B cnydae BeneHUS ONTHKO-3JIEKTPOHHON CHEMKH J10-
OUTHCS MONTYUYESHUsSI CHUMKOB, IPUMEHHUMbIX JUIsl HHTEpIIpe-
TalUH, BO3MOKHO TOJIBKO B YCJIOBUSAX JIOCTaTOUHON OCBe-
LIEHHOCTH 36MHON MOBEPXHOCTH (pHUC. 2), UTO HE BCETAA
o0ecIeqyrBaeTCsl €CTECTBEHHBIM HCTOYHUKOM OIITHYECKOTO
nzayuenust — Connuem. CornacHo gopmynam (1) u (2),
OCBEIICHHOCTH 3¢MHOM TTOBEPXHOCTH B BUJIUMOM 00JIacTH
criektpa (380—780 HM) 3aBuCHT OT E«(AA), BETHUNHA KO-
TOPOM OIPENENACTCS CIeKTPaTbHOMN TUIOTHOCTHIO MMOTOKA
mnyuenus E(A, T). Ha puc. 3 B rpadhoaHanmuTngecKkomMm

0,8 1

0,4 1

OCBCIICHHOCTh 3¢MHOI TOBEPXHOCTH

0,0
00:00 06:00 12:00 18:00 00:00
22 uIoHs 23 uroHs

Jlara, BpeMsi, 4:MHH

BUJIC MTPEICTABIICHBI 3aBUCUMOCTH E(A, T) OT ITMHBI BOJTHBI
JUTsL Pa3HOTO BPEMEHHU CyTOK. [loydYcHue JaHHBIX 3aBU-
CHUMOCTCH MPUMEHUTEIHFHO K 3¢MHOM MTOBEPXHOCTH IPE/I-
rmoJyiaraeT y4eT B ¢opmyrie (2) BETUYUHBI CIIEKTPATEHOTO
pacnpenenenust Ko3GGHUIUSHTA TPOITYCKaHKs aTMOC(EPBI.
Juis ouenkn ko3(hUIMEHTa TPONYCKAHUS HCIIOIb3YeM
BEIpakeHue [15] Bunma:

(M) =/H W) L0, D), ™)

rae 1,(A) — (QyHKIMS NPOIYCKAaHUS B 3aBUCUMOCTU OT
JUITMHBI BOJIHBI U3IYYCHUSI /Ul CPEIHECTATHCTHIECKOTO
(hM3UKO-XMMHUYECKOTO cocTaBa aTMocdepsl; fH(9, &) —
(byHKUIHMS, YIUTBIBAIOMIAS TeO(QU3NUSCKIIA U KIIMMaTH4e-
ckuit (hakTopsl (Teorpaduaeckoe MeCTo, ero (pu3mIecKue
0COOCHHOCTH ¥ BpeMsI TO/1a).

C yuetom dopmyn (2) u (7) pe3ynbTupyroIee BeIpa-
JKEHHE IS pacyeTa CIEKTPaJbHOM IUNIOTHOCTH ITOTOKA
W3JTyYeHHUsI 3aMUILIEM B BUJIE:

O T - E x2nhcz 1
@, 1) =Bt (hc) '
exp| —— -1
AT

W13 puc. 3 BUAHO, YTO BENWYMHA CIIEKTPAIBHOMN IIOT-
HOCTH MOTOKa ONTHUYECKOTO U3IYYEHUs] U3MEHSIET CBOE
3HAYEHUE MTPU U3MEHEHUH JUTMHBI BOJIHBI, @ TAKXKE BPEMEHU
rojia U CyTOK, 9TO OOBSICHSICTCS M3MCHCHHUEM BCIIMYUHBI
3enutHoro ynia Connia. Hanbornee BpICOKast CIIeKTpaibHast
IUIOTHOCTH MTOTOKA HAONFOJJaeTCs B AUANa30HE CIICKTpa
oT 450 1o 470 uMm. CHMIKEHUE CIIEKTPATIbHON TUIOTHOCTH
MIOTOKA BENET K OCIaOICHUIO OCBEMIEHHOCTH CHUMAaeMO
TOYKH 3eMHOH TIOBEPXHOCTH M, KaK CIIE/ICTBUE, K HEOOXO-
JTUMOCTH yBEIHMUCHHS BPEMEHH HaKOTUICHHA 3apsaa (hoTo-
MPUEMHBIM yCTPOHCTBOM 7, ATIs IOy UECHUSI SKCTIO3UIINH,
obecnieunBaroieit hopmupoBanue n3odpaxeHus. B ycio-
BUSIX HEJIOCTATOUHOU OCBEIIEHHOCTU peain3alius TaKoro
MOJIX0/Ia 3aTPyAHEHA U3-3a OTPAHNYCHUH, HAKJIaIbIBAEMbIX
CKOPOCTBIO Oera ONTUYCCKOTO U300pasKeHUs BCICICTBUEC

b
=
5
£ 0.8
5y
m
]
=
= 1
°
ol
=
3
20,4
Q
]
el
£
(o)
g
(5]
5
o
0,0
00:00 06:00 12:00 18:00 00:00
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[ara, BpeMsi, 4:MUH

Puc. 2. 3aBUCUMOCTH OCBEIIEHHOCTH 3€MHOH IMOBEPXHOCTH OT JIaThl U BpeMeHHU Ha 22 utoHs (a) u 22 nexadps (b) 2023 romga
Fig. 2. Dependence of the illumination of the Earth’s surface vs. date and time: as of June 22, 2023 (a); as of December 22, 2023 (b)

1080

Hay4yHO-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MeXaHUKn 1 ontukn, 2023, Tom 23, N2 6
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 6



A.N. AnTtyxos, [.C. KopyHoB

1 —3VYC 42.29, Bpems 11:00
—3VYC 38.17, Bpems 12:00
0,5 4 —3VYC 36.63, Bpems 13:00
— 3V C 38.03, Bpewmst 14:00
1 —3VYC 42.04, Bpems 15:00
—3VYC 47.88, Bpems 16:00
0,0 T T r

400 500 600 700
JlmmHA BOJTHBL, HM

CHeKTpanbHas IIOTHOCTh MOTOKa, BT-M 2HM !

b
n
Z L0l —3YC 86.70, Bpewms 11:00
g~ ——3VYC 84.21, Bpems 12:00
= —3VYC 83.39, Bpems 13:00
A 1 ——3VC 84.33, Bpems 14:00
g 1 —3YC 86.93, Bpemst 15:00
2 = —3YC 91.38, Bpems 16:00
s |
=
=)
o 1,01
]
o]
=y ]
=}
E
5 0,51
o]
o
& |
<
£ 0,0 —
M b T T T T T
2 400 500 600 700
O

JInrHa BOJHBI, HM

Puc. 3. 3aBUCHMOCTH CHEKTPAIBbHO MIIOTHOCTH MOTOKA OT JJIMHBI BOJHBI Ha 22 utoHst (a) u 22 nekadps (b) 2023 roxa.

3YC — 3enunTHsii yron ConHna

Fig. 3. Dependence of the spectral flux density vs. the wavelength: as of June 22, 2023 («); as of December 22, 2023 (b)
3YC — zenith angle of the Sun

TIepeMEIeHHsI HOCUTEISI PETUCTPUPYIONIEH ammaparypbl
[1, 14]:

7 = MoK ®)

nak % ’

img

TJie a — pa3Mep dJIeMeHTa (POTOIMPHUEMHOTO yCTPOICTBa,;
Nyp;— 4MCIIO0 MIaroB HAKOIUICHHMS 3apsija (B cirydae, eciu
HCTIONB3YEeTCsl PEXUM BPEMEHHOM 3a/IEP/KKU U HAKOTUICHUS
3apsina); V,,, — CKOPOCTH Oera ONTHYECKOro H300paKeHHs
B (poxanbHOI miockocTH; K, — K03 HUIMEHT TaHTaX-
HOTO 3aMeUIeHHs (pH OTCYTCTBUH Pa3BOPOTa JETaTelb-

HOTO anrapara Mo TaHTraxy paBeH 1).

BocnonHUTh HENOCTATOUHYIO €CTECTBEHHYIO OCBe-
IIEHHOCTh MOYKHO ITyTE€M NPUMEHEHUS] aKTUBHBIX OITH-
KO-2JIEKTPOHHBIX KOMIUIEKCOB, OCHAIIEHHBIX CPEJCTBAMU
HUCKYyCCTBEHHOM noacseTku [9]. [lapameTpsl onTuyeckoit
MIOZICBETKN BBIOEPEM C Y4ETOM THIa HCTOYHHKA ONTHYE-
CKOTO M3JTy4eHHMsI, TUIIA PETUCTPUPYIONIEH ammapaTypsl, a
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TaKKe YCJIOBUI NX B3aMMHOTO PA3MEIICHNUS B BO3YIIIHOM
WITH KOCMHUYECKOM IPOCTPAHCTBE. 3a1a4a HCTOYHHUKA OIITH-
YECKOM MOJICBETKU — YCUJIEHHE CIEKTPAIbHOM IIOTHOCTH
IOTOKA M3JIy4eHHs B 3aJaHHOW 00JacTH crekTpa A Jo-
CTIKEHHS TpeOyeMol OCBEIIEHHOCTH CHUMAeMOT0 yJacTkKa
3eMHOM MOBEPXHOCTH Ha KOHKPETHBIC JaTy U BpeMsl.
Paccunraem crnekTpaibHyO INIOTHOCTh IOTOKA U3ILY-
yenust E,(A, T), UCIIyCKaeMOro eIUHULEH OBEPXHOCTH
HCTOYHUKA MOJICBETKH B €ANHUYHOM MHTEpBaJe JUIMH BOJH:

EAO\', T) = EOO"a T) _E()"a T)a (9)

rae Eq(h, T) — BelUuMHA CIIEKTPAIbHOU INIOTHOCTH II0-
TOKA M3TyYCHHS B CAMHUYHOM HHTEPBAJIC [UTUH BOJH, 00¢-
CIICYMBAFOIIAS TTOTyYCHIE N300PaKCHUHN, IIPUTOIHBIX JIJIS
HMHTEPIIPETALIUH.

Ha puc. 4 nokazansl rpaduku, 1eMOHCTPUPYIONIUE
BEJIMYNHY YCHJICHUS CIIEKTPAIbHON MIOTHOCTH MOTOKA
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Puc. 4. BennuuHbI yCUIEHUS CIEKTPAIBbHOMN IIOTHOCTH ITOTOKA OT JUTMHBI BOJIHBI Ha 22 nioHs (a) u 22 nexadps (b) 2023 rona
Fig. 4. The magnitude of the spectral density gain of the flux vs. the wavelength: as of June 22, 2023 (a); as of December 22, 2023 (b)
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MoaennpoBaHne 0CBELLEHHOCTN 3EMHOW MOBEPXHOCTU ANs BbibOopa PeXMMOB paboTbl NCTOYHMKA U3NTYHEHUS

W3JIy4eHUS] B 3aBUCUMOCTHU OT JUIMHBI BOJIHBI CIIEKTpa
C YYETOM BpPEMEHH CYTOK. 3a 3TaJOH HPHHSIT y4acTOK
KpuBOM B nuanaszone iuH BoJH 450—470 HM Ha gaTy
22 wrons 2023 roxpa. U3 puc. 4, a BUIHO, UTO B YKa3aHHOM
JIMara3oHe He TpeOyeTcsl yCUIIeHUE CIIeKTPaIbHOM TIIOTHO-
CTH TIOTOKA JUIS CO3aHUsI OCBEIIEHHOCTH, HEOOXOIMMOM
st (hopMEpoBaHus M300pakeHus Ha Bpems 13 1 00 MuH.
[Ipu >ToM B 14 9 00 MUH Takoe ycHUIEHHE AOIKHO CO-
crasisth 0,1 Br-m2-um!. Ha nary 22 nexaOps 2023 rona
YCHJICHHE CIIEKTPAIBHON IUIOTHOCTH MOTOKA M3JIyUeHHs
Bapbupyercs B auanasone 1,7-1,8 Br-m2-um! B 3aBucu-
MOCTH OT BPEMEHH CYTOK.

C yuerom dopmyi (1) u (9), pe3yasTHpyOIee BhIpaske-
HUE JUISL ONPE/ICNICHHs] BEJMYMHBI CIIEKTPAILHON COJHEeY-
HOU TOCTOSHHOH Ex(AL) B TMana3oHe JJIMH BOJH CIIEKTpa
ANIEKTPOMArHUTHOTO U3IIyYEHUsI [A, A, ], B KOTOPOM BEJICT-
Csl ChbeMKa C IPUMEHEHHEM aKTHBHBIX OITHKO-3JIEKTPOH-
HBIX KOMITJIEKCOB, IMEET BH/I:

1

% A
{ E\(\, T)d\ + { E(\, T)d\
E«(AM) = Ex ‘ .

l}

If EQ., T)d\

Pe3yabTaTbl MOIETMPOBAHHS BO3MOXKHO HCIIOJIB30BATh
JUISL OLICHUBAHMS PACIPEICICHHs CIEKTPAIBbHOH IIII0THO-
CTH [OTOKA ONTHYECKOTO U3ITyYESHUs C yYeTOM IJIMH BOJIH
CHEKTpa AIEKTPOMAarHUTHOTO M3JIy4YeHHUs, reorpaduye-
CKOTO TTOJIOYKEHHSI CHUMAeMOW TOYKH ¥ BPEMEHH ChEMKH
JUIst 000CHOBaHMSI BEIOOpA PEKUMOB PAOOTHI HCTOUHUKOB
W3ITyYEeHUs! U PETUCTPUPYIOLIEH araparypsl B COCTaBE aK-
THBHBIX ONTHKO-3JIEKTPOHHBIX KOMIIJIEKCOB. [IpakTHdeckoe
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IIPUMEHEHUE Pe3yabTaThl MOJEIUPOBAHMS HAlAYT B 3a/a-
4ye MPOTHO3MPOBAHUS KayecTBa u3o0paxenwii [1, 9, 14,
16, 17], noay4eHHBIX C UCIOIb30BAHUEM UCKYCCTBEHHBIX
HCTOYHUKOB ONTHUYECKOH MOJICBETKH.

3akJ/oueHne

B pabote npezcrapieH Moaxo K MOAEINPOBAHHIO CBe-
TOCUTHAJIBHBIX XapaKTEPUCTUK — CIIEKTPAIbHOMN IIIOTHO-
CTH TIOTOKA W3JTYYCHHS] M SHEPIeTUYECKON OCBEIICHHOCTH
3€MHOH NOBEPXHOCTH. YKa3aHHbBIE XapaKTEPUCTUKH YUHUTHI-
BAaIOT MECTOIIOJIOKECHNE 1 BPEMsI ChEMKH CPEACTBAMH JHC-
TAHIMOHHOTO 30HMPOBAHNUS 3eMJIIH OCBEIAEMON TOUKH.

Ha mpakTuke cBETOCHTHAIBHbBIE XapaKTEPUCTUKN HC-
TIOTB3YIOTCS 1l 000CHOBaHMS BHIOOPA PEKUMOB pabOTHI
M3JTyYalOIIeH armmapaTypbl ONTHKO-3JIEKTPOHHBIX KOMILIEK-
COB C Y4€TOM €CTECTBEHHBIX YCIOBHI OCBELIEHHOCTHU 3€M-
HOM MOBEPXHOCTH. B yacTHOCTH, HA OCHOBE OLICHOK CZEIaH
BBIBOJ O HeO6XO}II/IMOCTI/I HUCKYCCTBCHHOI'O YCUJICHUSA CIICK-
TpaHbHOﬁ IIJIOTHOCTH MOTOKA U3JTYUCHHS B 3alaHHOM OU-
arazoHe criekrpa. Llenb Takoro ycumiieHus — JOCTHKEHUE
TpeOyeMoli OCBENIEHHOCTH CHIMAaEeMOT0 y4acTKa 3eMHOM
MOBEPXHOCTH HA KOHKPETHBIE JaTy M BpeMsl. YCHIICHHE
CIEKTPaJIbHON TUIOTHOCTH MOTOKA M3TY4YEHUs TO3BOJISIET
€03/1aTh HKCHO3UINIO, TpeOyemMyto st HOPMUPOBAHUS
n300paKeHUH.

JIOCTOMHCTBOM TIPEVIOKEHHOTO TOAXOA SIBISIETCS
BO3MO)KHOCTD ITOTYUEHUS] CHUMKOB, XapaKTEPU3YEMBbIX BbI-
COKUM 3Ha4€HHEM JIMHEHHOTO pa3pelIeH:s Ha MECTHOCTH,
HE an/I6eraﬂ K MMOBBIMICHUTIO BPEMECHHN HAKOIUICHUA 3apsaaa
(hoTONPUEMHOT0 YCTPONCTBA, YTO OCOOEHHO aKTyalbHO B
YCIIOBUSIX BEJCHUS a9POKOCMHUUECKON CHEMKH.
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AHHOTAIUS

Beenenne. IlpencraBiaeHsl pe3yabTaThl HCCIEOBAHUS TIOMUHECIIEHTHONH AMHAMMKY KOMOMHUPOBAHHBIX BOJIHO-
CTHPTOBBIX PACTBOPOB SKCTPAKTOB IUIOAOB KalUHBI KpacHOU (Viburnum opulus L.) ¢ XATO3aHOM U HaHOYACTHUI[AMHU
30J10Ta TPH Pa3HBIX KOHIEHTPAIMAX KHUCIoposa. [Ionck mpupoaHBIX HCTOYHUKOB (POTOCEHCHOUIN3ATOPOB SBIACTCS
aKTyaJbHOM 3amadeil. [l pereHus JaHHO! 3a/1a9i HCHOJIB3YIOTCS 9yBCTBUTEIBHbIE AHATUTHIECKIE METOIbI, HAlIPHMEp
JIIOMHHECIICHTHBIE, C YCHJICHHEM aHAJINTHYECKOTO CHTHAJa B pe3ylbTaTe TeHepalny IIa3MOHOB B HAHOYACTHIIAX
0JTarOpOIHBIX METAJUIOB. JIOMOIHUTENIFHEIE HCCIICIOBAHNS B YCIOBHSX TeHEPAIMU TUIA3MOHHON SHEPTUH IT0Ka3aiIH
CYILIECTBEHHbIE HM3MEHEHUSI B TMHAMHUKE ONTHYECKNX CHEKTPOB TIPH BapUalliy KOHIIEHTPALMH KUCIOPO/a B PACTBOPAX.
CrekTpaibHO-BpeMEHHas! AMHAMKKa MCCIIeIoBaHa TP MOJHOM okHciieHnH ButamuHa C B n3ydaemoii cucreme. Meron.
OCHOBHBIM METOJIOM PErMCTpPAalUK JUHAMUKH B3auMozeiicTBus (uaBoHounoB Viburnum opulus L. ¢ MoneKyi1aMu
KHCIIOpO/1a BEIOpaH JTIIOMUHECIIEHTHBII MeTo. CIIeKTphI JIIOMUHECLICHIINK n3MepeHs! Ha yeranoBke Fluorolog-3 (Horiba,
Snonns). [TpumeneHs! MeToBI a0COPOIMOHHOTO aHaANMK3a Ha criekTpodoromeTpe (Shimadzu, SAnonus). Bpems xu3an
JIFOMHHECIIEHIIUHN YKCTPAKTOB Viburnum opulus L. B HAHOCEKYHHOM AMAMa30HE H3MEPEHO B PEXKMME MHOTOKAHATBHOTO
cdera ()OTOHOB C HCHOJNIB30BaHIEM MHKOCeKyHAHOTO arona NanoLED-405L na cnekrpansHoii ycranoske Fluorolog-3.
BemornHena perncrpanysi BpeMeHH )KU3HU UCCIIEyEeMBIX SKCTPAKTOB B MHKPOCEKYH/JHOM JANana3oHe IPH BO30YKISHHN
HMITYJILCHOI KCEHOHOBOM JIaMmioi. CHHTE3 HaHOYACTHI] 30JI0Ta IIPOBEAEH METOIOM JIa3epHOI aOIIsIUK MeTaInIeCKOH
TUTAaCTHHBI 30J10Ta B JUCTUIIMPOBAHHOM Boze. JlazepHas aOusiiust BeimoiaHeHa Ha ycraHoBke LQ929 (Solar Laser
System, Pecniy6nuka Benapycs). OcHoBHBIe pe3yabTarbl. OOHAPYKEH IUIa3MOHHBIH P (EKT yCHIeHHsT ONITHYECKOM
TUIOTHOCTH MONIOIIEHHUS 1 HFHTEHCHBHOCTH TIOMUHECIIEHINH. 3yyeHa KMHEeTHKa TyIIeH!s TIOMUHECIIEHIINH SKCTPaKTa
w1008 Viburnum opulus L. ¢ XATO3aHOM IO BIUSHAEM HAHOYACTHUI] 30J10Ta, OnusKast K 1uddy3nonHoi. CnekTpaabHO
oTIpezieNieHa KOHIEHTPAIHs KACIOPO/a, IPH KOTOPOH MPONUCXOIUT OKUCICHHE (DITaBOHOMIOB HKCTpakTa. B ycmoBmsax
HN3MEHEHUS KOHI[CHTPAUU KHUCIOPOJa YCTAaHOBJICHB! 3aBHCUMOCTH N3MEHEHHUS! HHTEHCUBHOCTH JIIOMHHECIICHIINT
9KCTPAKTa C XMUTO3aHOM Ha JUIMHAX BOJH PETHUCTPAIMHU CHEKTPOB JTIOMHHECIEHINH. [Ipn 10ompoBaHNH KUCIOPOaa BO
BCE PacTBOPBI OOHAPY)KEHBI U HCCIIEIOBAHBI CIIEKTPAJIbHBIE M KHHETHYECKUE 0COOCHHOCTH 3aTyXaHWsI JIIOMUHE CIICHIIH
¢ MakcuMyMaMmu Ha JuiMHax BoJiH 480 HM u 580 HM. YCTaHOBJIEHO, YTO BpeMs JKU3HU JIIOMUHECLICHLIUU Ha JJIMHE
BOJIHBI peructpaiuu 480 HM U3MEHSIETCsl B 3aBUCUMOCTH OT KOHLIEHTPAIMf HAHOYACTHIL 30JI0Ta U MOJIEKYJ KUCIOpOAa
1 HAXOIUTCS B HAHOCEKYyHIHOH obnacTtu cnekrpa (3—4 ue). [lokazaHo, 4To TIOMUHECLEHIUS HA IIUHE BOJIHBI 580 HM
00yCIIOBIIEHAa OKHCIICHHOH (OpMOIi KBEpIIEeTHHA, BXOASIIIETO B cOCTaB (raBoHOUAOB Viburnum opulus L., BOSHUKIIEH
TIPU BBICOKHX KOHIIEHTPAIMIX KUCIOPO/a. 3aperucTpHpOBaHa JOITOBPEMEHHAs XEMATIOMIHECIICHITNS Ha ATHHE BOJTHBI
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580 HM C JUTMTEIBHOCTBIO 15 MKC KaK pe3ysbTaT PaJHKalIbHBIX IPOLIECCOB C yUaCTUEM MOJIEKYIAPHOTO KHCIOPOAa 1
MoJIeKys1 9KcTpakTa. Oocy:xaenue. [Ipeacrasnennslie B padoTe CEKTpabHbIE METO/bI, @ TAKXKE CIIOCO0 OmNpeiesIeHHs
KBEPLETHHA B Pe3y/bTaTe KUCIOPOAHOTO OKUCIeHUs (IaBOHOUAOB Viburnum opulus L. MOTYT OBITh HCIIOIb30BaHbI B
obnactsax 6nopu3nKkn, OMOTEXHOIOTHI M XMMHUYECKOTO aHAJN3a.

KuioueBble ciioBa
CIIEKTPBI mornomenus, Viburnum opulus L., XUT03aH, HAHOYACTULBI 30JI0Ta, OKUCICHUE, BPEMEHA JKU3HH
JIIOMUHECLICHIIUU
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Abstract

The results of a study of the luminescent dynamics of combined aqueous-alcoholic solutions of extracts of red viburnum
(Viburnum opulus L.) fruits with chitosan and gold nanoparticles at different oxygen concentrations were presented.
The search for natural sources of photosensitizers is an urgent task. The sensitive analytical methods, in particular
luminescence, with amplification of the analytical signal as a result of the generation of plasmons in nanoparticles of
noble metals, have been used in this work. An additional studies under the conditions of plasmon energy generation
showed a significant changes in the dynamics of optical spectra with variations in oxygen concentration in solutions.
The spectral-temporal dynamics was investigated with complete oxidation of vitamin C in the studied system. The
main method for recording the dynamics of interaction of Viburnum opulus L. flavonoids with oxygen molecules is the
luminescent method. Luminescence spectra were measured by means of Fluorolog-3 optical system (Horiba, Japan).
Methods of absorption analysis (Shimadzu spectrophotometer, Japan) were also used in the work. The nanosecond
luminescence lifetimes of the extracts were measured in the multichannel photon counting mode using a picosecond
NanoLED-405L nanoled by means of Fluorolog-3 spectral setup. Microsecond lifetimes were recorded when excited
by a pulsed Xe lamp. For the synthesis of gold nanoparticles, the method of laser ablation of a metal plate of gold in
distilled water was used. Laser ablation was performed at the LQ929 installation of Solar Laser System (Belarus). A
plasmonic effect of amplification of the optical absorption density and luminescence intensity was detected. The kinetics
of luminescence quenching of Viburnum opulus L. extract with chitosan under the influence of gold nanoparticles, close
to diffusion, was studied. The oxygen concentration at which the flavonoids of the extract are oxidized was spectrally
determined. Under the oxygen concentration changing, the dependences of changes in the luminescence intensity of
the extract with chitosan at the wavelengths of registration of luminescence spectra were established. When oxygen
was doped into all solutions, the spectral and kinetic features of luminescence attenuation with maxima at wavelengths
of 480 and 580 nm were detected and investigated. It was established that the lifetime of luminescence at a registration
wavelength of A = 480 nm varies depending on the concentration of gold nanoparticles and the concentration of oxygen
molecules and it is the nanosecond spectral region (3—4 ns). It was shown that luminescence at a wavelength of 580 nm
is due to the oxidized form of quercetin which is a part of the Viburnum opulus L. flavonoids, appeared at a high oxygen
concentrations. Long-lived chemiluminescence at a wavelength of 580 nm with time decay of 15 ps as a result of radical
processes involving molecular oxygen and extract molecules was recorded. The spectral methods presented in this paper,
as well as a method for determining of quercetin as a result of oxygen oxidation of flavonoids of red viburnum fruits,
can be used in the field of biophysics, biotechnology and chemical analysis.

Keywords
absorption spectra, Viburnum opulus L., chitosan, gold nanoparticles, oxidation, luminescence lifetimes
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BBenenue

B nocnennne rogpl NpOTHBOOIYXO0JIEBast aKTUBHOCTD
MIPUPOJHBIX COCANHEHNUH, BBIACTICHHBIX U3 PACTUTEIBHOTO
CBIPBsI, CTajla MIPEIMETOM aKTHBHBIX METUKO-OnoIormye-
CKHX uccienoBaHuid. Tak, HarpuMep, B KAYECTBE CPe/ICTBA
00pBOBI MPOTHUB 3710KAYECTBEHHBIX 00pa30BaHUM, BOC-
MaJUTENbHBIX MPOLECCOB YacTO BBICTYHAIOT 3KCTPAKTHI
pactenwii [ 1-3].

[Monugenomns! 1 GpaBOHONUIBI IPUBJICKAIOT 3HAYUTEIb-
HOE BHMMaHHE M3-32 WX MPOANONTOTHYECKHX CIIOCOOHO-
CTell M yJacTHs B MUTPalliil ¥ MHIMOMPOBAHUH TIPOLIECCOB
MeTacTasupoBaHus [4]. YCTaHOBICHO MPOTHBOPAKOBOE
JIeHCTBHE TTOMU(EHOIBHBIX COCMHEHNH SKCTPAKTOB TIJIO-
JIOB KanmuHbI KpacHol (Viburnum opulus L., VO) B oTHOIIIE-
HUU KJIETOUHBIX JTUHAN paka MoJioqHo# xkemne3sl (MCF-7) u
meixkn Matku (HeLa) uenoBexa [5], a Takxke Ui JI€USHUS
JPYTUX THHEKOJIOTHYecKux 3aboneBanuii [6]. Ilonsza VO
JUTSL 3I0POBBS YeJIOBEeKa 3aKII0UAeTCs B HAMYUH TaKUX
OMOJIOTMYECKN aKTHBHBIX KOMIIOHEHTOB KaK aCKOpOMHOBAs
KHCJIOTa, KAPOTHHOUIBI, HPUIOU/IbI, SPUPHbIE Macia U
(enonbHbIe coequnaeHus [7—11]. OqHUM U3 HAYYHO-TIPaK-
TUYECKUX METOJI0B M3yUeHHs OMOJIOrHYECKHX 00BEKTOB,
00paboTaHHBIX MOMU(EHOIAMA ¥ aMHUHOKHCIOTaMH, SIB-
JISIeTCsl, HaIPUMEp, ONTUMH3ALIHSI JICUCHUS U PETCHEPALIN
TIOBPEXICHUH KOJKH M MSITKHX TKaHEH C NCIIOIb30BaHNEM
6nonommMepoB. Oco0oe BHUMAHUE YIEIASTCS MaTepraiamMm
Ha OCHOBE XMTO3aHa, 00J1aJafoIIero BLICOKOM OMOCOBMeE-
CTUMOCTBIO, OnoaerpaaupyemMoctoio [12, 13] n antubak-
TepuaIbHBIMU cBoiicTBamu [14, 15]. Xurto3an ucnomnb3y-
10T KaK CTa0MIIM3aTOp MOJIEKYJISIPHBIX U HEOPTaHHMYECKUX
HAaHOCTPYKTYpHBIX cucTteM [16, 17] u kak marepuan auas
JIOCTaBKH JICKaPCTBEHHBIX (OPM, B KadecTBE aHTHOAKTe-
PHATBHBIX THAPOTeNIed U MOUIOKEK /ISl pereHepaTHBHON
MEIUIUHBI U T. 1. [18-21].

Jlpyroe BayKHOE HaIpaBJIeHNE ONOMEANIIMHCKIX HCCIe-
JIOBaHMH XUTO3aHAa — KOMOWHMPOBAHHOE MCIIOIb30BAHUE
MIpPEnaparoB XUTO3aHA C HAHOYACTHUIIAMHU 30J10Ta. Takue
KOMIIIEKCHI TIOKa3aJI1 NX PAHO3KUBIISIONIYI0 aKTHBHOCTB,
pereHepupyromune 1 OaKTepUIUIHbIE CBOWCTBA, YTO JIENIacT
WX TEePCTIEKTUBHBIMU MIPH UCTIOIB30BAHUM AJIS JICUCHUS,
HalpuMep, THOMHO-BOCIIAJIMTEIbHBIX OCIIO)KHEHUH B CO-
CTaBe PaHEBbIX MOKPHITHI [22, 23]. CymiecTByIOT uccie-
JIOBaHUsI, TIOATBEPKIAIONINE CHHEPTETHIECKHH AP PeKT
OT KOMOMHHMPOBAHHOT'O BIMSHMS XHTO3aHA U HAHOYACTHIL
MeTtaiuioB [24-27]. N3yueHa Takxke OMOXUMHUYECKas U
(orobnonornueckas 3pHeKTUBHOCTH KOMIUICKCOB, COIEP-
KaIIUX XUTO3aH WU MPHUPOAHBIE OMOJIOTHYECKN aKTHBHBIE
BemecTBa [16, 28-32].

W3BecTHO, uTO HanboIee YyBCTBUTEIHLHBIMI aHATUTH-
YECKMMH METO/IaMU SIBIISIOTCS] TFOMUHECIIEHTHBIE, B TOM
YHCIIE C UCTIONIb30BAaHUEM TIPOIIECCOB YCUIICHHS B PE3yIlb-
TaTe reHepalny MJ1a3MOHOB B HAHOYACTHUIAX OIaropoj-
HBIX METaJI0B — cepebpa u 3oiota [33] u GrraBOHOHM 0B
(KBEpLETHH, MOPUH, TaypUH, MyPELETHH U Jp.) IKCTpaK-
TOB pacTeHHi [34], B TOM 4HCiIe M B OKHCIEHHOH (opMme

[35] mpu pa3nmunbIX Temmneparypax [36]. Bce HayuHble
CIEKTpaJbHbIE IAHHBIC TIPUBOJSITCS O PACTUTEIBHBIX IKC-
TpaKTax u npernaparax (pJaaBoOHOUIOB B OCHOBHOM B MHOT'O-
KOMIIOHEHTHBIX pacTBopax [37]. OfHako CrieKTpaIbHO-KU-
HETUYECKUE 0COOCHHOCTH (POTO(GU3UUECKUX TPOIECCCOB
(h1aBOHOMJIOB B YCIIOBHSIX MOBBIIICHHBIX KOHIIEHTPAIMH
MOJIEKYJISIPHOTO KHCIIOpO/Ia B PACTBOpax ¢ HAHOYACTUIIAMH
30J10Ta MaJIOU3y4EHBI.

ens Hacrosmed paboThl — M3yUEHHE CIIEKTPaIb-
HO-JIFOMHHECIIEHTHBIX TPOIIECCOB SKCTPAKTOB IIIOA0B VO
B BOJTHO-CIIMPTOBOM CPEZIE C XUTO3aHOM M HAHOUACTHIIAMH
30J10Ta TP BBICOKUX KOHIIEHTPALUSIX PACTBOPEHHOI'O KHC-
nopona. [Tpu 3ToM HE0OXOIUMO HCCIIe0BaTh INHAMUKY
MPOLIECCOB OKKUCIIECHUS (IABOHOUIOB (PYTHH U KBEPIIETHH )
B cocrae V'O Ha OCHOBaHHMHM JIIOMUHECLIEHTHBIX ITAHHBIX 1
OLIEHUTH BO3MOKHOCTh I'€HEepaIMi aKTUBHBIX (POPM KHC-
Jopofa.

Hacrosimast padora siBisieTcst MpoIoyHKeHHeM padoT 110
HCCIIEIOBAaHNIO (POTOCEHCHOMIN3AaTOPOB Ha OCHOBE pac-
TUTEJIBHBIX SKCTPAKTOB, X AKTHBAIIMU B PE3yJIbTaTe KHC-
JIOPOJOHACKHIIICHUS ¥ (JOPMHUPOBAHHUIO JIFOMHHECIIEHTHBIX
AKTUBHBIX MUKPO3MYJIbCHOHHBIX KOMITIIEKCOB C TIEPEHOCOM
3JIEKTPOMArHUTHON SHEPTUU MPHU YyIaCTUH HAHOYACTHI]
OsaropoHbIX MeTamioB [38—41].

MeTonuka npoBeaeHHsI IKCIEPUMEHTA
U NMOATOTOBKHU 00pa31oB

CrnekTpajbnble u3mMmepenus. CriekTpsl (uryopeciieH-
UM SKCTPAKTOB M3MepeHHl Ha ycTtanoBke Fluorolog-3
(Horiba, Smonmust). {71t peructpain KOPOTKOKHUBYIITHX CO-
CTOSIHUH MCII0JIb30BaH TBEPAOTEIbHbINA UMITYJIbCHBIH MO/
NanoLED-405L ¢ mymurenpHOCTRIO nMmyibea 200 me. Jlis
perucTpanuy J0ATOKUBYIIUX (TPUIUIETHBIX) COCTOSHUN
HCIOIb30BaHA UMITYNIbCHAsE KCCHOHOBAS JlamIa, KOTopas
paboTaer B ClIeYIOIEM PeKUME: JUTUTEIbHOCTh HMITYJIbCa
1 =0,001 Mc, Konn4uecTBO UMIYNILCOB B ceKyHay N = 120,
BpPEMEHHAs 3aJIepKKa IMociie madku uMmyinbeoB 0,01 mc.

OmnpenesieHne KOHIEHTPALMH ACKOPOMHOBOI KHC-
JIOTHI B pacTBOpe IKCTpakTa. OnpenencHne KoInIecTa
ACKOPOMHOBOM KHCIIOTHI BBITIOTHEHO C MCIOIB30BAHUEM
METO/Ia HOTaTOMETPHH, OCHOBAHHOTO Ha IMPOIECCE OKFC-
JIeHNs1 aCKOPOMHOBOH KHCIOTHI B PACTBOPE SKCTPAKTa TUTO-
0B VO 10noM B IPUCYTCTBHH MHIMKATOpPA — KpaxMmala
JI0O HEMCUEe3arollero CHHETo okpamuBaHus. [Tomydennas
KOHI[EHTpalUus acKOpOMHOBON KHUCIOTHI COCTaBMIA
C =6,3-103 mMosb/n. J[jiss IpPUrOTOBJIEHNs PACTBOpA Ha
OCHOBE XMTO3aHa C HAHOYACTUI[AMH 30JI0Ta UCTOIb30BaH
00bEeM 3KCTpaKTa PaBHBIN 2 MJI C KOHIICHTPAIHCH acKop-
6uHOBOM KucaoTsl C = 5,6-10-3 Monp/1.

I[IpuroroBieHHe BOAHO-CIHPTOBOTO IKCTPAKTA
saroa xaauuel. Ceexue mwioasl VO maccor 213 r Obun
M3MEJBUCHBI B CTYNKE M MOJYyYeHHAs Macca OT)Kara.
K momydeHHOMY COKY M00aBIEHO paBHOE KOJHYECTBO
BOJHO-3TaHOJIBHOTO PACTBOPA B COOTHOIICHNH ATAHONA U
JTUCTWITUPOBAHHON BOJBI 3:7, Maliee SKCTPAKITUIO BEII B
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TeueHue 48 u npu koMHaTHOH Temneparype. [ToxydeHHbIit
9KCTPAKT HEOIHOKPATHO OBLI IIPOITYIIEH Yyepe3 OyMakHbIe
(UIBTPBI 10 TOYYEHNUS PO3PAYHON KHUAKOCTH SIPKO-Kpac-
HOTO I[BETA, U3 KOTOPOH MOCje OTCTauBaHUs B TeUeHHE 24 u
He BbINaaan ocaaok. [lonpoOHast MeToMKa NPUTOTOBICHUS
IKCTpaKTa MpeacTaBieHa B padote [38].

IIpurorosJjieHHe HAHOYACTHUL 30,10TA. HaHOYaCTHIIBI
TTOTyYeHBI METOIOM HaHOCEKYHIHOH JTa3epHON almannn
30JI0TOM TUIACTHHBI B JUCTHIUIMPOBAHHOM BOJIE HA yCTa-
HoBke LQ929 (Solar Laser System, Pecriyonuka benapycs),
paboTaronieil B pexxume MOAYJSIUU TOOPOTHOCTH MPH
CIEyIONINX MapaMeTpax JIa3epHOTO M3JIyUeHHs: JIHHA
BOJNHBI 532 HM, AIUTENbHOCTH UMIynasca 10 He, gacTo-
ta 15 I'n, sneprus umnynsca 20 mx/[x. Bpemst onnoro
ceaHca a0JsIMU COCTaBIJIO 5 MUH, @ 00beM pacTBopa 3a
onwH ceaHc abmsamu — 1,2 mur. [Tocrte mporiecca a0
pacTBOp npuoOper po3oBbli 1BeT. Pacnipenenenne HaHO-
YacTHI[ 30JI0TA 110 UX pa3MepaM HCCIETOBAHO METOAOM
JUHAMWYECKOTO PACCESTHHOTO CBETA C MCIIOIb30BAHUEM
ycranoBku Photocor-Compact-Z. B pe3ynbrare cpemanuit
THAPOIMHAMHUYECKUH paiyCc HAaHOYACTHIL 30J10TA COCTABHII
npumMepHo 40 HM, a U3MEpeHNne A3eTa-MOTeHIINANa COCTa-
Buiio — 15,65 mB.

IIpuroroB/jieHue OHONMOJIUMEPHOI0 PACTBOPA XH-
TO3aHA Ha OCHOBe VO ¢ HAHOYACTHLIAMH 30J10TA.
B pabore ucnonp3oBan npombiiuieHHbIH xuto3an (000
«buornporpeccy, Poceust) ¢ Mmossipaoii maccoit 87 Kr/MoJIb
U CTENEHbIO AeaneTunupoBanus 83 %. PactBop conepxan
10 2 % xuto3ana B 2 % pacTBOpe LIaBEIEBOM KUCIOTHI.
O003HauNM JITaHHYIO KOHLICHTPALMIO XUTO3aHa B PacTBOPE
kucnotsl 3a C. [IpUroToBiieH ¢ NCIIOIB30BAHUEM Mar-
HUTHON Memanku mpu 1000 o6/MuH. YpOBEHB KHCIOT-
HOCTH PacTBOpPa COCTaBUJ MPUMEPHO 3,5. DTaIOHHBII

—— VO +XT3(0,2 %)
— VO +XT3(04%) |
—— VO + XT3 (2,0 %)

0,8

500 550
JmMHa BOJIHBI, HM

500 700
JlmuHa BOJIHBI, HM

300

pacTBop 3KcTpakTa VO ¢ XUTO3aHOM OBLI MPUTOTOBIICH
cieayromuM odpaszom: VO cMelaH ¢ pacTBOPOM XHUTO3aHA
B cooTHomieHun 1:1 ¢ mobaenenuem 0,5 M THCTHILIH-
poBaHHOI BoIbl. KOHIIEHTpanusi HAHOYACTHUI] 30JI0TA B
HCCIIEyeMBIX PacTBOPAaX BapbHPOBAJACh B [HAINla30HE
C=(0,1-1,0)-10-9 monp/m.

Pe3y.]'l]>TaT[>l HCCJIACIOBAHUSA

B nepBoii cepun SKCIIEPUMEHTOB BBINOIHEHO HCCIIe-
JOBaHUE BIUSHUS KOHLEeHTpanui xuroszana (Cy = 2,0 %,
0,1Cy=10,2% u 0,2C, = 0,4 %) 1 HaHOUACTHL] 30JI0TA
(0,1-1,0)- 109 monb/1 Ha crieKTpaibHbIE CBOMCTBA MOIIIO-
meHust skeTpakTta VO B BuIuMoMm auanasone. M3 puc. 1, a
BHJHO, YTO NPHU MaJBIX KOHIIEHTPAIUIX XUTO3aHA OITH-
YyecKasi ITIOTHOCTH B YIBTPa(dHOICTOBOI 00TaCTH CIIEKTpa
HUMeeT CIeAYIomHne 3HadeHN: D = 2,5 A KOHIIEHTPALuu
0,2 % u D =4,0 nna — 0,4 %. [Tpu 5ToM B BUIMMOH 00ma-
CTH CTIEKTpPa Ha JUIMHE BOJIHBI MOTJIOICHHsI dKcTpakTa VO
(520 HM) IpU TaHHBIX KOHLIEHTPALUAX XUTO3aHA IPOUCXO-
JIUT YMEHBIIEHUE ONTHYECKON TNIOTHOCTH. MaKCUMaIbHOE
3HAUE€HME ONTUYecKoil mnoTHocTH D = 0,9 nmonydeHo Ha
JUTHHE BOJHBI 520 HM, YTO COOTBETCTBYET UCXOHOM KOH-
ueHTpauuu xuro3ana 2,0 %. OTMeTHM, 4To B JajJbHEHIINX
(hortopu3mIecKuX FKCIIEPUMEHTaX ¢ pacTBopamu VO u Xu-
TO3aHa, a TAKXKE C KACIOPOIOHACHIIIICHHBIMU PACTBOPAMU
OBLITa BRISIBIICHA CTAOMIM3UPYIONIast 0COOCHHOCTh XUTO3a-
Ha. Harmpuwmep, npu konnenTpammu 10 2,0 % Xuto3aH sB-
JsieTcs CTaOMIN3aTOPOM U TIOTYYEHHBIE PACTBOPHI MOKHO
WCTIOJIB30BAaTh JI0 TPEX CYTOK, UTO XapaKTePHO UMEHHO JIsI
xuto3aHa [16, 17]. Bce nanpHelmue sxcriepuMeHTsI ¢ VO
BBIMTOJTHEHBI B MMPUCYTCTBUU PA3TUIHBIX KOHIIEHTpAIUN
HaHOYACTHI] 30JI0TA.

b
— VO
4 - D —— VO + HY Au (Cs)
HIAUC)  _ po+HY Au(C)
0,2 —— VO +HY Au (C3)
] —— VO + HY Au ((,)
VO + HY Au (C))
2
400 500 600
JlmuHa BOJTHBI, HM
0 T T T T T T T 1
300 400 500 600 700

JlHa BOJTHBI, HM

Puc. 1. DxcriepuMeHTaIbHBIE CHEKTPHI TOMIOMICHNS SKeTpakTa VO B pacTBope XuTo3aHa koHneHTparwmeit: 2,0 %, 0,4 % 1 0,2 %
B BHAMMOH oOuactu criekrpa (a) u 2,0 % ¢ Hanouacruramu 3omora (C; = 1,0-10-9, C, =0,75-109, C3=10,5-10"9, C, = 0,25-10-9,
C5=10,1-10"9 moxs/1) (b). Ha BcTaBKe 10Ka3aH CIEKTP IOMIOLICHAS PACTBOPA HAHOYACTHI] 30JI0Ta C KOHLCHTPALHUEH
C, =1,0-109 mons/n. XT3 — xuro3an; HU Au — HaHOYacTHIIBI 3010Ta

Fig. 1. Experimental absorption spectra of VO extract in chitosan solution of various concentrations: 2.0 %, 0.4 % and 0.2 %
in the visible spectral region () and absorption spectra of VO in chitosan solution (2.0 %) with gold nanoparticles (C; = 1.0-10-9,
C,=0.75-109,C;=0.5-10"9, C, = 0.25-109, C5 = 0.1-10-9 mol/l) (b). Insert — the absorption spectrum of the gold nanoparticles
solution concentration of C; = 1.0-10-9 mol/l
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Ha puc. 1, b 3ameTHO, 4TO ONTHYECKas! INIOTHOCTH JKC-
TpakTa VO ¢ poCTOM KOHLIEHTPAI[MY HAHOUACTHUI] 30J10Ta B
XHuTO3aHe Bo3pacTaeT. B pabore [38] nmomyuyeno ysennue-
HHE ONTHUYECKON IIIOTHOCTH MOJIEKYJI 9KcTpakTa VO B pac-
TBOPE B IPUCYTCTBUH HAHOYACTHI] 3010Ta. CIIeI0BaTEeIIHHO,
B pacTBopax VO ¢ XHTO3aHOM IIPH ONTUYECKOM BO30YK-
IeHun giauHaMu BoiH B auamnasone 400—405 uMm takxke
MIPOUCXOAUT BO30OYKICHHUE TNIA3MOHOB HAHOYACTHII 30J10TA,
B PE3yIBTaTE YEro MPOUCXOANT TUTIONb-AUITOIBHBIHN mepe-
HOC 3JIEKTPOHHOW HEPIUU MEXKAY B3aUMOJCHCTBYIOIIH-
MU HYacTUlaMHu C YBCIIMUYCHUCM ONTUYECKON TNIOTHOCTH
norsonieHus (puc. 1, b) [40]. B [42—44] ycraHOBIICHO,
4YTO MAaKCUMYMBI ITOITIOIEHUSA B CIICKTPEC OKCTpAKTa COOT-
BETCTBYIOT coeinHeHusIM kBeprieTnHa (380 u 415 HM) 1
nuanuauHa (525 HM).

PaccMoTpuM JITOMHHECIIEHTHBIE CBOMCTBa (h1aBOHOU-
JIOB, B YaCTHOCTH, KBEpIICTHHA B dKCTpakTe V'O ¢ HaHOYA-
CTHUIIAMH 30JI0Ta B OMOMIOIMMEPHOM pacTBOpPE XHUTO3aHA
(puc. 2).

AHalln3 3aBUCUMOCTEN OTHOIIEHUHN TIOMHUHECIIEH-
uun 1/1 (Iy 1 [ — UHTEHCUBHOCTH JIOMUHECLEHIINN 0e3
U C HAHOYACTHIIAMH 30JI0Ta) pacTBOPOB VO OT KOHIICH-
Tpauuu Hanovactui 3omota C = (0,1-1)-10-9 mons/n B
XUTO3aHe M0Ka3all, u4To HaOJIoJaeTCs TyIIeHUE Jo-
muHecteHuuu VO Ha navuHe BoJiHbI 460 HM MO 3aKOHY
ITepna—®onpMepa ¢ KOHCTAHTON CKOPOCTU TYHIECHHUS
pasnoit Kg = 2,8-108 mons~! nc! (puc. 2, b). Takum 06-
pa3oM, KOHCTAHTa CKOPOCTH TYIICHHs HAHOYACTHUI] 30J10-
Ta JIOMUHECIEHINN MOJEKya VO B pacTBOpe XHTO3aHA
orpanndeHa nupHy3MOHHON KOHCTAHTOM TYIICHHUS B BOIIE
(109 Moyt ! 11), 4TO yKa3bIBAET HA BIMSHUE BI3KOCTHBIX
CBOWCTB pacTBopa. Kpome Toro, Ha aimHE BOIHBI 660 HM
HaOTIOMAeTCs yBETMUCHIE HHTCHCUBHOCTH JIIOMUHECIICH-
MY PacTBOPOB B 3,2 pa3za, uTo OyJeT pacCMOTPEHO J1ajee.

BBIonHUM CHIeKTpalibHO-KMHETHUECKHE UCCIIEIOBAHUS
KOMIIJIEKCOB VO ¢ XUTO3aHOM W HAaHOYACTHIIAMH 30JI0Ta
IIPY pa3HbIX KOHLEHTPALUIX MOJIEKYISIPHOTO KUCIOPO/Ia.

Hccnenyem BIUstHUE MOJIEKYJT KMCJIOPO/Ia B KOMILIEK-
ce ¢ akcTpakToM VO Ge3 HaHoUacTHuIl 3070Ta (puc. 3).
®oTOBO30YXK/IEHHE OCYIIECTBUM CTAllMOHAPHBIM MCTOY-

a
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g ’
ER /)
g N/ Cs [Au]
Q
21000 /
jon!
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2
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e} NN
E R
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400 500 600 700

JIsMHa BOJIHBI, HM

HUKOM ¢ A =400 HM M UMIYJIBCHBIM HCTOYHUKOM C
A =405 um. [Iporecc KUCIOPOIOHACHIIICHUS PACTBOPOB
OCYIIECTBUM IO METOAUKE PA3IOKEHUs IEPEKUCH BOJO-
poa B cOOTBETCTBUU ¢ padotoii [38]. KoHleHTparms Mo-
JIEKYN KUCIOPOJa B PACTBOPE BaphbHUPOBANACh C YUCTOM
M3MEHEHHUsl BpeMeHH KucinopojaoHaceimennsd: C([O,] =
=3-10-3 moub (2 mun), C,[0,] = 6-10-3 monb (4 MuH),
C5[0,]1== 12103 mob (10 mun), C4[O,] =25-10-3 momnb
(15 mun), C5[O5] = 52-10-3 monb (25 MuH).

B pa6orax [43, 44] ycTaHOBIEHO, YTO JTIOMUHECIIH-
PYIOLINM COEAMHEHUEM 3KCTpakTa VO SBIAETCS KBEPIH-
TuH. TakXke B COCTaB UCCIIEyeMOro 3KcTpakTa O BXOAUT
LEJBIA PsT APYTUX OMONMOTHYCCKH AaKTUBHBIX BCIIECTB,
OJTHMM U3 KOTOPBIX SIBJISICTCS MHTUOUTOP OKUCITUTEIIBHBIX
MPOIIECCOB, aHTHOKCUIAHT — aCKOPOMHOBAs KHCIIOTA U €€
comu. KoHIeHTparms ackopOWHOBOH KHCIOTHI B COCTaBE
skcTpakra VO cocraBuna 5,6-10-3 mons/n. Tlo npuunte
HAITMYUsI aCKOPOMHOBOM KUCIIOTHI B cocTaBe V'O KBEpLUUTHH
HE cpa3y OKHCIIUICS B BOTHBIX M CIIMPTOBBIX PacTBOPax
KHCJIOPOZIOM BO3IyXa.

B pesynprare ycTaHOBIEHO, YTO TIOJHOE OKHCICHHUE
ACKOpPOMHOBOM KUCIIOTHI B pacTBope V'O ¢ XUTO3aHOM ITpO-
ncxoauio nocie 10 MUH MTHTEHCUBHOTO KHUCIIOPOJIOHACKI-
menus. B nepBeie 10 MUH KUCIOPOJ aKTUBHO OKUCIISII
ACKOPOWHOBYIO KHCJIOTY M MOJOOHBIE €l CTPYKTYpPBI U
HE OKa3bIBasl BJIMSHUE Ha JIIOMUHECIUPYIOIUE COeqU-
HEHUsl — KBEpUUTHH W nuanuauH. Cnycerda 15 mun (mpu
C=25-10-3 MoJ1b) B CrIeKTpe HAYaT (HOPMUPOBATHCS HOBBIIT
MaKCUMYM CBEYCHUs JIFOMUHECICHIINU HA JIINHE BOJHBI
580 uMm (puc. 3, a). 3HaUeHHE ComepIKaHHUI aCKOPOMHOBOM
KHCJIOTHI B 9TOM CITy9ae MOKHO CIUTATh MHHAMAIBGHBIM U
HaYaJIbHBIM JUTSA JATBHEUIITNX H3MEPEHUH KOHIIEHTPAIIOH-
HOTO BIMSTHUSL MOJIEKYIISIPHOTO KUCIIOPO/IA B 9KCIIEPUMEHTE.
[Tpu 3TOM 3aMeTHM, 4TO H0OABICHNE XUTO3aHA B PACTBOP
¢ 3KcTpakToM VO yBenn4ui B LE€JIOM aHTHOKCHIAHTHBIE
cBoiictBa VO [45].

IIpu pocte KOHLIEHTpAIK KUCIIOpoaa B pacTBope VO
¢ xuto3aHoM 10 Cy4[O,] = 25-10-3 monp HabmOIATOCH
YBEJIUYECHHE UHTEHCUBHOCTU CBEUEHUS JIIOMUHECIIEHIIUU
Ha anuHax BojH 480, 580 u 660 HM npH cTallMOHAPHOM

1,00

0,0 0,4 0,8
C[Au], 10~ mons/n

Puc. 2. Criextpsl JroMuHecteHuun VO ¢ KOHLEHTpauusiMi HaHodactul 3oio0ta: C; = 1-109, C, =0,75-109, C; =0,5-109,
C4=0,25-109, C5=0,1-10"° moss/n B pacrBope xuto3ana C = 2,0 % (a); KOHLEHTPALKOHHAS 3aBICUMOCTb
HItepaa—Donbmepa (b)

Fig. 2. Luminescence spectra of VO with gold nanoparticles concentration of: C; =1-10-9, C, =0.75-10-9, C; =0.5-10-9,
C;=0.25-109, C5=0.1-10"2 mol/l in chitosan solution C = 2.0 % (a); Stern-Vollmer concentration dependence (b)
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Puc. 3. JlnnaMuKa CTIEKTPOB JIIOMUHECIIEHIINT SKCTPAKToB V'O ¢ XUTO3aHOM KOHIeHTpanuei 2,0 % 6e3 HaHOJ9aCTHII 30710Ta
¢ kucnoponom koruentpauii: C[0,] = 3-10-3, C5[0,] = 61073, C5[0,] = 12:10-3, C4[0,] =25-1073, C5[0,] = 52103 Moib
(a); GyHKIMM N3MeHeHus] HHTeHCUBHOCTeH (/1)) momMuHeceHIn SKCTpakToB VO ¢ xurozanoM (2,0 %) 6e3 HaHOUACTHII 30J10Ta
Ha Pa3INYHBIX JUIMHAX BOJH PETHCTPAILMHM MAaKCHMyMa CBEUCHUSI OT KOHIIEHTpAIy kucsoposa (b). JmiHa BOTHEI CTallHOHAPHOTO
(hotoBo30yxkeHus paBHa 400 HM

Fig. 3. Dynamics of luminescence spectra of VO extracts with chitosan concentration of 2.0 % without gold nanoparticles with
oxygen of various concentrations: C;[O,] =3-10-3, C,[0,] = 6103, C5[0,] = 12-10-3, C4[0,] = 25-10-3, C5[0,] = 52-10-3 mol
(a). The functions of changing the intensities (///;) of VO luminescence with chitosan (2.0 %) without gold nanoparticles at different
wavelengths of the maximum luminescence registration vs. oxygen concentration (). The wavelength of stationary photoexcitation
is 400 nm

(hoTOBO3OYKICHUN, MAKCHMYMbBI KOTOPBIX MPEACTABICHBI
Ha rpaduxax puc. 3, b. Hanpumep, u3 puc. 3, b BusaHO,
YTO Ha JUIMHE BOJHBI 580 HM MPOUCXOIUT JIUHEUHBII pOoCT
WHTEHCUBHOCTH JIIOMUHECLEHLIUN U ONEPEek)aeT pocT Ha
480 M. [Ipu 5TOM 11711 UHTEHCUBHOCTH CBEUEHMSI JTFOMU-
HecueHOnH Ha 660 HM HaOMIOMaeTCs HEMWHEHHBIA POCT
JFOMHHECIICHITNH OT KOHIIEHTPAIH Kucioposna. JlanHsiit
pe3yibTaT yKa3biBaeT Ha POTOPU3NIECKOE Pa3InIHe Tpo-

— VO 6e3 HY Au
- —VO+HYAu
— VO +HYAu + Oz (C])
—VO+HYAu+ 0O, (C4)
— VO +HY Au + Oz (C3)
—— VO +HY Au + Oz (Cz)

HnreHcuBHOCTS, 10° doTon/c
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JlmiHA BOJTHBI, HM

[IECCOB CBEUEHUSI JTIOMUHECIICHIINU SKCTPakToB VO, u 1o-
JydCHHAs Pa3HUIIA YBEIUYUBACTCS MPU 100ABICHUU B
PacTBOPHBI SKCTPAKTOB VO HaHOUACTHI] 30J10Ta.

Ha puc. 4 nokazana quHamMuKa UHTEHCUBHOCTEHN cBeve-
HUSI TIOMUHECILICHIINH SKCTPAKTOB VO B pacTBOpax XUTO3a-
Ha B TIPUCYTCTBUY HAHOYACTHI] 30JI0TA OT KOHIICHTPAIINU
KHCIOpoa pH (POTOBO30YKICHUH CTAMOHAPHBIM HCTOU-
HukoM (A = 400 HM).

b
= 480 HM
® 580 aMm

] 4 660 uM
221
1,81
]
< 14]
1,0 -
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A
000 00l 002
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Puc. 4. luHamMuKa CIIEKTPOB JTIOMUHECIIEHIIMH KCTPAKTOB V'O ¢ XUTO3aHOM C TMIOCTOSTHHON KOHLIEHTPAIUeH HAaHOYaCTHII 30J10Ta
(C, = 1-1079 mons/m) B nprcyTcTBrn Mosekyl kuciopoga (C1[0,] = 1073, C,[0,] = 6:1073, C3[0,] = 12-1073,
C4[0,] =25-10-3 monb) (a); GyHKIKH I/]) MHTEHCHBHOCTH JIIOMHHECLIEHIIMHI SKCTPAKTOB VO ¢ XUTO3aHOM M HaHOYACTHIIAMH 30J10Ta
Ha Pa3IMYHBIX JUIMHAX BoyH peructpanun 480, 580 n 660 HM oT KOHIEHTpanuu Kuciaopoaa (). JmnHa BOIHEI CTAI[HOHAPHOTO
(hoToB030YKIeHUs pacTBOPOB paBHa 400 HM

Fig. 4. Dynamics of luminescence spectra of VO extracts with chitosan with a constant concentration of gold nanoparticles
(C; =1-10"2 mol/l) in the presence of oxygen molecules (C;[0,] = 1073, C,[0,] = 6-10-3, C5[0,] = 12-10-3,
C4[05] =25-10-3 mol) (a); Functions /I, of the luminescence intensity of VO extracts with chitosan and gold nanoparticles at
different recording wavelengths 480, 580 and 660 nm vs. oxygen concentration (b). The wavelength of stationary photoexcitation of
solutions is 400 nm
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CpaBHeHME Pe3yIbTaTOB JIMHAMHKHU JIIOMUHECIICH-
Uy 3KcTpakToB VO ¢ u 6e3 HaHOo4YacTuIl 30J10Ta (puc. 3 u
puc. 4) OT KOHICHTPALMY KHCIOPOa TI0Ka3ao, 4To CIeK-
TpaJibHbIE 0COOCHHOCTH (TTOJIOKEHHE MAKCUMYMOB, TIOJTY-
HIMPHUHA CHEKTPAIBHBIX 110JI0C, yBEINICHNUE HHTEHCHBHO-
CTH CBEYEHUS OT KOHICHTPAIMH KUCIOPOJa) TPUMEPHO
onuHakoBbl. OTHAKO B MPUCYTCTBUN HAHOYACTHIL 30J10TA B
pactBope VO ¢ xuto3aHoM (pOpMHPOBAaHIE MaKCHMyMa Ha
JuirHe BoiHBI 580 HM HabIromaeTcs y)ke MpHu KOHIICHTPa-
uu kucnopona C,[0,] = 61073 Monb. Takum 06pasom,
MIPAKTHYECKH TIOJIHOE OKUCIIEHNE aCKOPOMHOBOW KHCIIOTHI
HaOmonaercst uepes 4 MuH. OTMETUM pe3Koe yBEIHYCHUE
WHTEHCHBHOCTH JJIOMUHECLEHIINM OCHOBHOTO MakCHMyMa
Ha JuinHe BOJHBI 480 HM MpU MakCUMalbHOM KOHLIEHTpPa-
tuu kucnopoza (C4[O,] = 25103 MoIIb) B pacTBOPE XUTO-
3aHa B MPUCYTCTBUM HAHOYACTHII 30JI0Ta, YTO MOXKET OBITH
00yCIIOBIIEHO TUIa3MOHHBIM ITEPEHOCOM JIIEKTPOHHON SHEp-
TMU B JIUTIOJIBHBIX KOMITIEKCAX HAHOUACTHI] 30JI0Ta C MOJIe-
kyiamu V'O BHYTpH XuT03aHOBOH 00omouku [40]. I1pu sTom
MIPOLIECCH YCUIIEHHS MHTEHCUBHOCTHU JIFOMUHECLICHIIUH OT
KOHIIGHTPAIMU KUCIIOPO/a NP HAJIIMYUK B PACTBOPAX Ha-
HOYACTHI[ 30JI0Ta CTAHOBSITCSI HEIMHEHHBIMU (pHC. 4, D).

C 1enplo MOHUMaHus GU3MKH TPOIIECCOB YCHUIICHUS
WHTEHCUBHOCTH JIIOMHHECLIEHIIMU B pacTBopax VO noj
BIIMSTHMEM KHCJIOpO/a, B padoTe Oblila NCcCiieJOBaHa KHHE-
THKa JIIOMUHECICHIIMH YKa3aHHBIX PacTBOPOB Ha JUIMHAX
BOJIH perucrpanuu Jomunecnenuun (480, 580, 670 um)
TIpY BO30YXK/ICHUH JIa3epHBIM MHKOCEKYH/IHBIM UCTOYHH-
koM (T = 0,2 HC) ¥ UMITYJILCHOI KCEHOHOBOH JIAMIIOH JITH-
HO BoiHEI BO3Oyxaerns 405 HM. KuHeTndeckue KpuBbIe
3aryxaHus (puc. 5) OBLTN anmpPOKCHUMHUPOBAHBI OJTHOIKC-
[OHEHLMaJbHON Mozebto. KuHeTuka 3aryxaHus KOpoT-
KOKMBYIIIEH JTIOMUHECLEHIINU ObLIa N3MEPEHA B PEXKUME
MHOTOKaHAJIbHOTO €IMHUYHOTO cuyeTa (JOTOHOB.

YcTaHOBIIEHO, YTO KUHETHKA JItoMuHecueHuuu VO c
XHMTO3aHOM B OTCYTCTBHE KHCJIOPOZa B PACTBOPE SIBISIETCS
OJTHOKOMITOHEHTHOM C JUTUTEIbHOCTHIO JIIOMHUHECHEHIINT
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okono 4 He Ha JuuHe BoaHbl 480 HM. Kax BUnHO 13 Ta-
OJNMILIBI, 3HAYUTEIbHBIC U3MEHEHUSI KUHETHKH 3aTyXaHHs
JFOMHUHECLICHIIMH PACTBOPOB BO3HUKAIOT IPH J100aBICHUT
MOJIEKYJI KUCIIOposia B pacTBOp VO ¢ XUTO3aHOM JIO0 KOH-
nenrpanmu O,[C,] (puc. 3, a). Tak, osBIEHHE B CIIEKTPax
JIFOMHUHECIICHIIH JIOTIOTHITEIEHOTO MAaKCUMyMa CBEUCHUS
Ha umHe 580 HM COMPOBOXKAACTCS HAHOCEKYHIHOW JITH-
TENBHOCTBIO 3aTyXaHUs Tsgy = 3,22 HC. Takke, aHAIU3UPYs
KWHETHKY 3aTyXaHus JIIOMHHECIEHITNH V'O ¢ XUTO3aHOM U
HAHOYACTHIIAMH 30JI0Ta, BUJHO, YTO CIIEKTpaJIbHAsI KHHE-
THUKa JIIOMUHECICHIINU, OCTACTCA Ha TPEX JIMHAX BOJIH —
480 1M, 580 HM, 660 HM 1 CTAHOBUTCS ABYXKOMIIOHEHTHOM
(HaHOCEKYHIHAsl U MUKPOCEKYH/IHasl BpEMEHHasl JIe3aK-
tuBanuun). C nenplo NOATBEPKISHUS TOTO BBIBOJA HA
puc. 5, b ipeacTaBiIeHbl KHHETHYECKHE KPUBBIC 3aTyXaHHs
JIOMUHECHEeHIMK V'O ¢ XUTO3aHOM W HaHOYAaCTHIIAMH 30-
JoTa Ha irHax BoaH 480 HM 1 580 HM.

[Ipu BEISIBICHUU B PETUCTPUPYEMBIX CIIEKTPax JIBYX-
KOMIIOHEHTHOH KWHETHUKH 3aTyXaHUs JTIOMUHECICHIINN
(Tabnmia) B HCCIeNOBaHHBIX pacTBopax VO ¢ XUTO3aHOM U
HAHOYACTUIIAMHU MOKHO CJIeJIaTh CIICIYIOIIHE BEIBOIBL. Bo-
MEePBBIX, SKCIIEPUMEHTAJIBHO HE ObliIa 3aperucTpUpoBaHa
JIIOMHUHECHCHINA YUCTOT'O XUTO3aHa B BOJAHBIX paCTBOpax
c ero 2 %-HbIM COZIEpYKaHUEM IIPU BO30YKICHUU H3ITyye-
uueM 400 aM. B HacTosIeit pabote xuto3aH ObUT J0OABICH
B pacTBOp ¢ VO B MaJIbIX 103aX, U TONBKO AJISI XUMUUECKOI
CTaOMJIM3AINH, €0 IIPUCYTCTBUE HE TIOBIIMSIIO HA KUHETH-
Ky JIIOMHHECIHEHIINH. BO-BTOPBIX, TIOCKOJIBKY B IIUPOKHX
(400-700 HM) cieKkTpax JFOMHUHECLEHIIMN pacTBOpoB VO ¢
XHUTO3aHOM M HAHOYACTUI[AMH HAOIIIOAIOCh CHITBHOE CITEeK-
TpasbHOE MEPEKPHIBAHIE W3MYUCHUS PA3IMIHBIX TIPOIIeC-
cOB mpeoOpa3zoBaHms SHEPTHH ((PITyopecIeHINS Pa3THIHON
noJisipu3anuu, GochopecieHIns, XeMUTIOMUHECIICHITNS,
TeHepalysi CHHIJIETHOTO KHCIIOPO/Ia), TO MOITOMY CIIOKHO
BBISIBUTBH }:[ByXBKCHOHeHL[PIaHBHLIﬁ 3aKOH JC3aKTHBAIlUH
M3JIyYSHHUs 32 UCKITIOUCHUEM CITydasi JIIOMHHECIICHIIMN Ha
JUIHHE BOJIHBI 670 HM.

b
300007 480 1M (6e3 0,)
1 480 um (¢ O,)
. — 580 M (6e3 0,)
200004 580 1M (¢ O,)
10000+ N
04 o R ey P
00l 003 005 007
Bpewms, mc

Puc. 5. KuneTtnka KOpOTKOXHBYIIEH JIFOMUHECHIEHIIMH VO ¢ XUTO3aHOM M HAHOYACTUIIAMH 30JI0Ta B IIPHCYTCTBUA
kuciopona (O,[C,]) Ha JyIMHAX BOJIH PErUCTPAIMK JIIOMHHECLCHIIUH C SKCIIOHEHIIHAIbHON anpoKcuManueit (kpacHble
KpHBBIE) (@); SKCIIEPUMEHTAIbHBIC KHHETHYECKUE KPUBBIC 3aTyXaHMs! JOITOXKUBYILEH JIFOMUHECIICHIIMY ¢ 1 63 KHCIIopo/a
C OJTHOIKCITOHEHIIAIBHOM amnpoKcuManuei (MyHKTUPHBIe KpuBbIe) (b)

Fig. 5. Luminescence kinetics of VO with chitosan and gold nanoparticles in the presence of oxygen (O,[C,]) at registration
wavelengths with exponential approximation (red curves) («); experimental kinetic curves of long-lived luminescence decay with and
without oxygen molecules with one-exponential approximation-dash curves (b)
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Tabauya. 3HavueHnst BpDEMEHH KHM3HU JTIIOMUHECLeHIN pacTBopoB VO ¢ xuto3anoM (XT3), HaHouactunamu 3omota (HY Au)
u kucnopogom (O,)

Table. Luminescence lifetimes of VO solutions with chitosan, gold nanoparticles and oxygen (O,)

JlnvHa BOIHBI, HM
Ob6pa3zen
480 580 670 580 480
VO/XT3 4,00 HC — 0,45 He — —
VO/XT3 + O,[Cy] 3,97 e 3,22 HC 0,44 ue — —
VO/XT3 + HY Au 4,00 HC 3,15 He 0,41 uc 10,00 mxc 13,00 mMxc
VO/XT3 + HY Au + O,[C4] 4,11 HC 3,30 HC 0,44 HC 15,00 Mxc 10,00 mxc

Taxkum obpaszom, uccieq0BaHUs JUHAMUKU JTIFOMH-
HECIICHIIUN PAacTBOPOB VO ¢ XUTO3aHOM, a TaKkXke C U 6e3
HaHOYaCTHIL 30J10Ta, BbIABUIIN HE TOJBKO CICKTPAJIbHBIC
paznu4usi, Ho U KuHetnueckue. CrieoBarebHo, Ha JUTHHAX
BoJtH 480 1 580 HM ObUTH CHOPMHUPOBAHBI PA3HBIE MOJICKY-
JSIpHBIE OOBEKTHI JIIOMUHECLICHIIUY ITPpHY J100aBJICHUH KHC-
nopoaa B pacTBopsl ¢ VO. I1ockoIbKy CIEKTpaibHbIC U3-
MEHEHHS ¥ YBEJINYEHHE HHTEHCHBHOCTH JIIOMUHECIICHIINT
pacTBOopoB VO ¢ XUTO3aHOM OT KOHLICHTPALIK KACIIOPOAA U
HAHOYACTHII 30JI0Ta TIPOMCXO/ISIT OTHOBPEMEHHO, TO MOYKHO
¢ OOJIBIION BEPOSITHOCTBIO MTPEATION0KHUTD, YTO Oy YCHBI
pa3INYHbIE OKUCIUTENbHBIE MTPOLECCH MOJIEKYISIPHBIX
¢dbopm rraBoHon0B B coctae VO [37].

s moaTBEpIKAECHUS NIOJIIyYEHHOTO PE3ysibTaTa Bbl-
TMOJIHEHBI JOTIOJHUTEIIBHBIC CIICKTPAJIbHBIC UCCIICAOBAaHUA
pactBopoB kBepuetnHa («duam», Poccust). B criekrpe
BOJIHO-CIIMPTOBOTO PACTBOPA KBEPLETHHA BUICH MAKCHMYM
B oOnactu 590 aM. Takum 00pa3om, colepKaHue KBepiie-
THHA B MCCIICTyEMOM 3KCTPAKTE CHEKTPAIbLHO MPOSBUIICS
B JIIOMHHECLEHTHBIX CIIEKTPaxX ¢ MAaKCHMyMOM Ha JUINHE
BOJIHBI OKOJIO 580 HM, 4TO HE IPOTHBOPEUHUT JaHHBIM pa-
60THI [46, 47]. XpomaTo-Macc-CIIeKTpOMETprUIecKas HIeH-
TH(QUKAINS TPOTYKTOB OKHCIECHUS KBEPIIETHHA KHCIOPO-
JIOM BO3/yXa B BOIHBIX pacTBopax [47] Taxke mokaszana,
YTO B IPpUPOAEC CYMICCTBYIOT HECKOJIBKO €0 OKMCJIICHHBIX
bopm (raBararon u 6eH30(ypaHoH). [ToCKOIbKY H3ydeH-
HBIC CIICKTPBI IMOTJIOIIECHUA U JIIOMUHECIUCHIIUN ABJIAIOTCA
CHEKTPaIbHO MUPOKUMHU (pHC. 3, @), TO BO3MOXKHO CyIlie-
CTBOBAaHHUE U HECKOJIBKUX OKHCJICHHBIX ()OPM KBEpLETHHA
B UccieayeMoii cpene. Heobxonmumo 100aBUTh, YTO TIPU
XMMHYECKOM OKHCJICHHN KBEPIIETHHA KHCIOPOIOM BO3/IY-
X2 OCHOBHBIMH (DAKTOPAMH, BIMSIOIINMH Ha PEATH3ALIUIO
TOTO WJIM MHOTO MEXaHH3Ma MpOoIlecca, SBISIOTCS COCTaB
pacTBOPHUTENS M €ro KHCIOTHOCTH. OTMETHM, 4TO B Ha-
cTosimeit paboTe OBUIO SKCIIEPUMEHTAIHFHO TIOKAa3aHO, YTO
HCTIONB3YEMbIH METO/ MOBBIIIECHNST KOHLIEHTPALH KHUCIIO-
pona B pactBope VO He BIMSET Ha MapaMeTpbl pacTBOpa
B BCIIMYUHAX KUCJIOTHOCTH, KOTOPbIE MOTYT IIPUBOAUTH K
N3MCHCHUIO MEXaHU3MOB OKUCJICHUA KBEPLCTUHA. Takum
00pa3oM, HECMOTPsI Ha OOJIBIIOE KOJUYCCTBO HAYIHBIX
paboT, MOCBSIIEHHBIX U3YYEHUIO OKHCICHHS KBEPLETH-
Ha, YETKOH M eInHOO0OPa3HOM KapTHHBI €T0 XUMUYECKHX
cBOMCTB emie HeT. [loTOMy ycTaHOBICHHE MEXaHU3MOB
OKHCJICHHUS] KBEPLETHHA B PA3JIMYHBIX YCIOBUSIX M HJICH-
TUUKAIMS TPOIYKTOB €ro MeTabonn3mMa, HECOMHEHHO,
aKTyaJbHBI.

OO0paTtuM BHIMaHHUE HA CBEYCHHUS pacTBOPoB VO ¢ Xu-
TO3aHOM M HAHOYACTHUIIAMU 30JI0Ta, KOTOPBIE OBLIN 3aperu-

CTPUPOBAHBI B CIIEKTPax JIOMHUHECIIEHITMY Ha JIJTAHE BOJIHBI
oxoso 660 M. CrienualibHO CO3/IaHHBIE B paboTe OolbIue
KOHIIEHTPAIIMKM MOJICKYJISIPHOTO KUCJIOPOJa B U3y4aeMoi
cucreme npu (oroBo3oyxacHnn 400 HM, MOTJIA BBI3BATh
dhopMHpOBaHUE JTIOMHHECIUPYIOMUX TOJITOXKUBYIIAX
KOMIUIEKCOB C MOJIEKYJIaMH 2KcTpakTta VO u 1UMOJIsIMU
kuciopoaa. JIIOMUHECHEHIIUS TAKUX KOMITJIEKCOB MOXKET
MpOSIBISATHCSL B CBEUEHUH Ha JJIMHAX BOJH 650—660 HM
[38].

3akJ/iouenne

®dotoBo30yxieHne JumHoi BoaHbl 400 HM BOjIHO-OTa-
HOJIBHBIX 9KCTPAKTOB Viburnum opulus L., nerHpOBaHHBIX
HaHOYACTHI[AMH 30JI0Ta, CTAOMIIM3UPOBAHHBIX XHUTO3aHOM H
HACBIIIECHHBIX MOJICKYJIIPHBIM KHCIIOPOJIOM, MPHUBEJIO K JIO-
MHUHECIECHIINN 1 XEMHUIIOMUHECLCHIINY B BUIMMON 00Ja-
ctu criekTpa. OOHAPYKEHO YBETWICHUE ONITHYECKOM TUIOT-
HOCTH ¥ MHTEHCHBHOCTH JIFOMUHECLEHIINH TPU JUTMHAX
BoiH 530 1 680 HM B MOMy4YeHHBIX pacTBopax. [IpmunHoit
JTAHHOTO YBEJTHUYCHUS SIBIACTCSA TeHEpalus IJIa3MOHOB B
HAHOYACTHUIAX 30JI0TA C MOCIEAYIOUIeH AUIIONb-AUIIONb-
HOM nepejiaveil Maa3MOHHOW PHEPruu (JIaBOHOMIHBIM
KOMILIEKCaM.

B pactBope npu Bo30yxnenuu ¢ 400 HM oOHapyxe-
HO YMEHBIICHHE WHTCHCUBHOCTH JIIOMMHECIICHIIUN Ha
480 HM B cooTBeTcTBHH C 3akoHOM llITepHa—®onbmepa.
OnHOBpEeMEHHO ObUIa M3y4YeHa KMHETHKA TYIICHHS JII0-
MHUHECICHIINN B TAKUX KOMIUIEKCAX MPU MUKOCEKYHTHOM
(hoTOBO30YKICHIM U OTIpeiesieHa MOCTOSHHAS CKOPOCTh
TYIIEHHS JIIOMUHECIICHIINY HAHOYACTUIIAMH 30J10Ta, KOTO-
past Ha TTOPSIIOK MEHbIIIe KOHCTAaHThI Tu(dy3un B cBA3U C
MIPUCYTCTBUEM XUTO3aHA B PaCTBOPE.

IIpu BBICOKHMX KOHIIEHTPALUAX KHUCIOPOAA B PaCTBOPE
Viburnum Opulus L. ¢ XUTO3aHOM OOHAPYIKCHO TOsBIIC-
HUE HOBOTO MaKCHUMyMa JIOMHUHECIICHIINN C HHTCHCHB-
HOM JIFOMHHECLEHIeH pu JIHMHE BOJIHBI 0KoJ0 580 HM
U JUIUTEABHOCTBIO MPUMEPHO 3 HC. [|ONMOJIHUTENbHBIN
CIEKTPAJIbHO-TIOMUHECIICHTHBIN aHaIN3 T0Ka3aj, u4To
MaKCUMYM MpHU JUIMHE BOJHBI 0Kosio 580 HM 00yciioBieH
MOSIBJICHNEM OKHCICHHOI (hopMbI KBepreTHHa ((IiaBaH-
nmuona/6en3odypanona). Kpome toro, 66110 00HApYREHO,
4TO B pacTBopax Viburnum Opulus L. Tpy NCTIONB30BaHAN
XHMTO3aHa ¥ BBICOKOH KOHLIEHTPALUK MOJIEKYJ] KHCIOpOa
JIONTOXUBYIIAst (OKOJO 15 MKC) XeMUITIOMUHE CIICHITHS
TaK)Ke MPOSIBIIIeTCS Ha AITHHE BOJIHBI 580 HM, UTO CBS3aHO
C MPHUCYTCTBHEM PaJMKaioOB, 00pa3yIoLINXCs B MPOLECCe
OKHCIICHHSI KBEpIIETHHA.
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Abstract

In this paper, we study the trajectory tracking problem of a three-wheeled omnidirectional mobile robot with full state
constraints and actuator saturation. Firstly, we analyze a three-wheeled omnidirectional mobile robot and give control
model with actuator saturation. By using tan-type Barrier Lyapunov Function and backstepping method, kinematic and
dynamic controllers are built, which can ensure that the system full states will not violate the given constraints when
the robot is performing trajectory tracking. Then, considering the differential explosion problem which occurs when
solving the derivatives of the virtual control law, we use a second-order differential sliding mode surface to calculate
it, so as to reduce the complexity of the operation. In addition, due to the output saturation problem of the robot drive
motor, an auxiliary compensation system is adopted to compensate for the error generated by the saturation function.
Finally, an experimental simulation is performed in MATLAB and the simulation results illustrate the effectiveness of
the control algorithm proposed in this paper.

Keywords
full state constrains, barrier Lyapunov function, input saturation, omnidirectional mobile robot, dynamic surface control,
backstepping method
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AHHOTANMSA

Beenenne. lccienosana 3amada ynpaBieHHs] TpaeKTOpHei IBMKEHUST BCEHANIPABICHHOTO MOOMIBHOTO poboTa
C MOJHBIMH OTPAaHUYEHUSIMH Ha COCTOSHUE M HACBHIIIEHUEM BXOJHOTO CUTHaia. [Ipu ABmKeHHH poOOTa B y3KOM
MIPOCTPAHCTBE YPE3MEPHBIC OLIMOKH OTCIICKUBAHKS TPACKTOPHU U CKOPOCTH MOTYT IIPHBECTH K CTOJNIKHOBeHHI0. Ha
MIPaKTUKE SIBIEHUE HACBIIIEHNUs BXOJHOTO CHTHAJa JBUIaTesss MOXKET MPUBECTH K TOMY, UYTO KOHTPOJIIEP HE CMOXKET
JOCTHYB TPeOyeMbIX XapaKTepUCTHK ciexeHus. 1o 3Toi mpuynHe MpHu MPOEKTUPOBAHUHM KOHTPOJUIEpPA BAXKHO
OTPAaHUYUTH BEKTOP COCTOAHHSA PoOOTa M KOMIEHCHPOBATh OIIMOKY MOMEHTa, KOTOpasi BO3HUKAET M3-3a HACBHIICHUS
npuBoga. Meton. C momomrsio OapsepHoil GpyHKIMHU JIsimyHOBa 11 MeTona backstepping mpoeKTHPYETCsS BUPTYalIbHBII
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C. Zhigiang, A.\Yu. Krasnov, L. Duzhesheng, Y. Qiusheng

PETyJISITOP ¥ PEryJsTOp TMHAMUKH, KOTOpbIe 00eCIIeunBaloT CTAOMIIN3aIIMI0 COCTOSHHSI CUCTEMBI B 3aJJaHHOH 001acTH
OrpaHUYEHHUHT NPHU JIBIKEHHH poOoTa Mo TpaekTopuu. [Ipou3BoaHAs BUPTYaIbHOTO 3aKOHA YIIPABICHUS PACCUMTHIBACTCS
METOJ0M JTUHAMUYECKHUX MOBEPXHOCTEH, UTO CHMKAET BBIYMCIUTENBHYIO CIOXKHOCTb. [l yCTpaHEHHs BIUSHHS
HEOTIPEIeNIEHHOCTH MapaMeTpoB Ha ABMKEHHE poOOTA M OLEHKH HEM3BECTHBIX YacTeil ero MoJeNu MPHUMEHEHBI
HeWpOHHBIE ceTH. 151 KOMITeHCAH OIIMOOK, BO3HUKAIOIIHMX TIPY HACBHIIIIEHNH HCTIONHUTEIbHBIX MEXaHU3MOB, CO3/IaHa
BcromMorarenbHas cucreMa. OCHOBHBIE pe3yJIbTaTbl. VIMUTAMOHHBIN SKCIIEPUMEHT BBIIOIHEH B NAKETE IPUKIAJAHBIX
nporpamMm MATLAB. DkcriepiMeHTaNbHbIE NCCIIEI0BAHS MOKA3aJIH, 9TO Pa3pabOTaHHBII aIrOPUTM YIPABICHUS MOKET
peaxn30BaTh TOYHOE TPACKTOPHOE JBM)KEHHE POOOTA B YyCIOBHSIX OrPAHMUYCHUS] COCTOSIHUM CHCTEMBI M HACBHIIICHHUS
BXOJTHOTO CHTHaJIa B MCIIOJHUTEIbHBIX MeXxaHn3Max. Obcy:kaenne. MeTo MoXeT ObITh IPUMEHEH /IS PELIeHNs 3a1a91
yIpaBieHs MOOMIBHBIM POOOTOM B OrPaHUUEHHOM ITPOCTPAHCTBE. AHATIOTMYHBIM 00Pa30M OH MOXKET OBbITh IIPUMEHEH
KO BceM po0oTaM ¢ aHaJOTMYHON MAaTeMaTH4YeCKON MOJEIBIO.

KiroueBble ci10Ba
OrpPaHMYEHHUS [IOJTHOTO COCTOSIHUS, OapbepHas QyHKuus JIsmyHoBa, HACBILIEHNE BXO/A, BCCHANPABICHHbIH MOOMIIBHBIIT
pOoOOT, TMHAMIYECKOE yIPaBICHUE TOBEPXHOCTHIO, MeTOA backstepping

Cecepuiaka s uutupoBanus: Wxuista Y., Kpacuos A1O., dywkaumn J1., Lrommw S. [{nHaMudeckoe MOBEpXHOCTHOE
yTIpaBIIeHNE BCEHANPABICHHBIM MOOMIEHBIM POOOTOM C TIOTHBIMH OTPAaHWYCHUSIMU COCTOSTHHMS U HACBHIIICHHEM BXoza //
Hay4no-TexHI4YecKknii BeCTHUK HH()OPMAIIMOHHBIX TEXHOIOTHI, MexaHuku u ontukd. 2023. T. 23, Ne 6. C. 1096-1105

(na anm. 513.). doi: 10.17586/2226-1494-2023-23-6-1096-1105

Introduction

In recent years, with the rapid development of robotics
technology, mobile robots have been widely used in
various fields, such as logistics and warehousing, factory
manufacturing, military field, and space exploration. In
comparison with differential drive robots, omnidirectional
mobile robots do not have the problem of incomplete
constraints and are able to realize unconstrained plane
motion [1]. At present, many scholars have studied
omnidirectional mobile robots [2—4]. Watanabe [2] studied
the omnidirectional mobile robotic robot and designed
the controller using the feedback control method. Tamas
[3] studied the four-wheeled omnidirectional mobile
robot, established the kinematic and dynamic models, and
proposed the trajectory planning method and trajectory
tracking control algorithm; Liu [4] investigated the three-
wheeled omni-directional mobile robot and designed the
controller based on the dynamics model by using the
trajectory linearization method. In actuality, however, there
is uncertainty in the robot model due to manufacturing
errors and disturbances in external environmental factors.
The control methods proposed by the above scholars do
not take into account the effects of parameter uncertainty
and external disturbances, making it difficult to realize the
desired control performance in practical experiments.

On the trajectory tracking problem, many scholars have
proposed mature control plans (e.g., adaptive control, sliding
mode control, neural network control, model predictive
control, and fuzzy control). Considering the problems of
wheel slippage and model parameter uncertainty, Huang
[5] proposed an adaptive backstepping control method.
Alakshendra [6] considered the effects of parameter
uncertainty and external perturbation, proposed an adaptive
sliding mode control method by combining sliding mode
control with adaptive control which achieved good
performance. Lu [7] designed an adaptive neural network
sliding mode control scheme by using neural networks to
approximate the uncertain part of the model. Zijie [8] used a
fuzzy neural network to adjust parameters of the control gain
for reducing the chattering phenomenon in the sliding mode
control. In practice, however, it is often necessary to consider

the safety of robot usage. According to the environment and
the size of the space in which the robot operates, limits are
set on the tracking error and the velocity of the motion. In
addition, due to the limitation of hardware performance, the
output torque of the controller may exceed the maximum
output of the motor resulting the input saturation problem
and affecting the trajectory tracking accuracy. Therefore,
the input saturation problem also must be considered.

The Barrier Lyapunov Function (BLF) is a frequently
used method for the tracking control problem with state
constraints. Tee [9] proposed an adaptive control method
by combining the backstepping method with the Barrier
Lyapunov Function. Xi [10] improved the Lyapunov
barrier function and used a radial basis neural network to
approximate the unknown part of the robot model, ensuring
changing in state time-varying constraints. Ding [11] used
neural networks and Lyapunov barrier functions in the
trajectory tracking problem of a two-wheeled differential
mobile robot and achieved good tracking performance.
Dong [12] created a finite time tracking controller to ensure
that the state of the system is stabilized in a certain range
for a finite period of time.

Saturation compensation is a common approach for
actuator input saturation problem. Doyle [13] proposed
a control scheme for input saturation by replacing the
saturation function with an inverse tangent function,
and proved the stability of the controller by using the
backstepping method. Mofid [14] created an adaptive
robust controller by considering the effects of input
saturation and external perturbations on the system.
Chen [15] limited the speed to a diamond-shaped range,
achieving tracking control in the case of input saturation.
By designing an auxiliary system to compensate for the
nonlinear term generated by input saturation, Yang [16]
had achieved state constrains and input saturation control
of a nonlinear system.

Inspired by the above literature, this paper investigates
the trajectory tracking problem of a three wheeled
omnidirectional mobile robot with full state constraints and
actuator saturation. The details of the study are as follows:
— For the problem of full-state constraints. By combining

the tan-type Lyapunov barrier function and the
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backstepping method, kinematics and dynamics
controllers were designed. They ensure that all the
states of a three-wheeled omnidirectional mobile robot
in trajectory tracking motion are within the constraints.

— In order to avoid the differential explosion problem, the
derivative of the virtual control law is calculated using
the Dynamic Surface Control technique.

— According to reference [17], an auxiliary system is used
to compensate for the nonlinear disturbance generated
by input saturation.

— Simulation experiments were carried out using
MATLAB. The experimental results show the
effectiveness of the proposed algorithm in this paper.

Model of Robot

The three-wheeled omnidirectional mobile robot is
shown in Fig 1. {x, o, y} is the world coordinate system
and {x,, ,, 0,} is the robot coordinate system; o,. is the
mass center of the robot; L is the distance from the robot’s
mass center to the driving wheel; /- is the robot’s moment
of inertia; q = (x, y, 0)T is the robot’s posture; (x, y) is
the coordinates of the robot’s mass center in the world
coordinate system; and 0 is the angle between the robot’s
coordinate system and the world coordinate system. The
robot is supported by three omnidirectional wheels which
allow longitudinal and lateral movements as well as
rotational movements on a plane surface. (f}, f5, f3) is the
driving force output from the drive wheels.

The kinematic model of the robot is shown in equation

cosd —sin® 0 /v,
q=S(q)V=| sin® cosd 0 vy b (1)
0 0 1 )

where ¢ = (%, , 0)7 is the velocity and angular velocity of
the robot’s mass center in the world coordinate system;
cos® —sinf 0
S(q)=( sin®@ cos® 0 | V=(v, v, )T is the speed and
0 0 1
angular velocity of the robot’s mass center in the robot’s
coordinate system.

Fig. 1. Three-wheeled omnidirectional mobile robot

The relationship between the velocity of the robot’s
mass center and the angular velocities of the three driving
wheels is shown in the equation

T
— — r
2 2 ®
1
V- Aw| B Br 0| o, ) ©)
2 2
ror o A
L L L
roor
— — r
2 2 o
1
where A = @ V3r 0 |, w=[ o, |is the angular
22 ®
LA ’
L L L

velocities of the three driving wheels; 7 is the radius of
driving wheels.

According to reference [4], the force on a three-wheeled
omnidirectional mobile robot can be expressed as follows

m(v, vyé):—ﬁ—jg-l-ﬂ
. \3
m(vy - Vxe) = ?(fl 7/{2) > (3)

LA=L(h +fo+ 1)

where m is the mass of the robot.

By using the direct current motor equation, the
relationship between the output torque of the driving wheel
motor and the driving force can be derived as

de)i + CO; = nt; — ’Tf;‘» (4)

where /,, is the moment of inertia of the driving wheel; ¢ is
the coefficient of viscous friction; 7 is the speed reduction
ratio of the speed reducer; 7 is the radius of the driving
wheel; 1, (i = 1, 2, 3) is output torque of the driving wheel
motors.

Combining (1)—(4) yields a dynamic model of the robot
as:

V=AV+FV)+Bt+d=

a, a0V, -by —b; 2b
=l ay, |+| —aov, |+ \3b, \Bb, 0 |r+d, (5)
az® 0 by by, by
where A = diag(a,, a,, a3), F(V) = (a;0v,, —a,0v,, 0)7,
-by  -b; 2b,
B = [ \3b, \3b; 0 |, 7 is output torque; d is
by by b

disturbance of the system; system parameters are a; =
=3¢/(31,,+2mr?), ay =2mr2/(31,,+ 2mr2), as = 3cL?/(31, ,L* +
+ Ir2), by = nr/(31,, + 2mr2), by = krL/(31,,L2 + I72); k is
the gain factor of driven torque.
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Description of problem

In engineering practice, the drive motor of the mobile
robot can only provide limited torque output, so the input
saturation problem must be considered when designing the
controller. The saturation function of the output torque can
be given by the following equation

T T,>1T

imax i imax
sat(t)) =4 T Timin ST S Timax » (6)
~Timin T < Timin
sal(t;) =1, — At (7
where 1, and t,,;, are the upper and lower bounds of

the motor output; saf(t;) is the input saturation torque; At;
is input saturation error; t; is control torque needs to be
designed latter.
Assumption 1. Input saturation error At is bounded, and
there exists a positive constant 6,, such that [|AT]]2 < 0,
Combining (1), (5), and (6), one can obtain the model of
the three wheeled omnidirectional mobile robot as:

q=S(qV

V=A,V+F(V)+Bsat(t)+d’ ®

Assumption 2. External disturbances d is a bounded
vector, and there exists a positive constant 0, such that
ldIP <6,

Assumption 3. The model parameters of the three
wheeled omnidirectional mobile robot are unknown.
G,=[A\V+F(V)]; (i=1,2,3) is the unknown continuous
function.

Since RBF Neural Network (RBFNN) can approximate
any continuous function, this paper uses it to estimate the
model unknown term G. RBFNN can be represented as

G, = (WTg), + 3, ©9)

where WT is the unknown weight vector for the neural
network; ¢; is activation function vector; 9, is the
approximation error. The value of the approximation
function for the unknown term G can be expressed as
G;=(Wlg),

In this paper, the Gaussian basis function [11] is used as
the activation function of the neural network

_ S
Q=exp| ——— ,i=1,...,n,
Oi

where X is the input vector; ¢; and o; are the center and
width of the Gaussian function, respectively; n is the
number of neural nodes.

Assumption 4. The neural network approximation error
d is a bounded vector, and there exists a positive constant
05 such that ||8]|2 < 65.

The input saturation phenomenon presented in the drive
motors generates nonlinear perturbations and reduces the
trajectory tracking accuracy of the robot, thus it needs to
be compensated. Inspired by [17], the compensation system
can be designed as

B, =-L,B; +SB,

. ; (10)
B, =-L,B, + BAt

where B, and B, are the state variables of the compensation
system; Ly = diag(lyy, Iy, 113) > 0, Ly = diag(ly;, Iy, r3) > 0
are system parameters.

Assumption 5. The state variables of the compensation
system are bounded and satisfy |By;| <My;, 1B2il < Maj» N1
M,; are constants.

Assumption 6. Reference trajectory q,, V, = S71(q)q,
is bounded and satisfies |g,;| < py;» |V,4l < pa;. Moreover,
the states of robot system are also bounded and satisfy
9l < 10> Vil < yaie

The purpose of this paper is to design a controller to
ensure that the robot accurately tracks a given trajectory,
in the presence of unknown model parameters, restricted
system states, and input saturation in the actuators.

Controller Design

First of all, the robot trajectory tracking errors are
defined as

e =q-q,— B (11)
62:V7(lf[32, (12)

where q,. = (x,, y,, 0,)7 is the reference trajectory of the
robot; @ = (0, oy, a3)7 is the virtual control law which will
be designed later.

Step 1. Taking the derivative of (11), we have

& =q4-4,- B, (13)
bringing (1), (10) and (12) into (13) one has
¢ =SV-q,—B=S(e; ) -4, +Lip.  (14)
Then we select the barrier Lyapunov function as
3 by (e} 1,
V= i}i;tan(;ﬁ) +5[51|31, (15)

where b, = (b}, b5, b;3)T is boundary on the tracking
error of the system, to be discussed later; V| is a continuous
function and greater than zero.

Define
=" (16)

jl
5 ne;
cos’( —
Zbﬁ

taking the derivative of (15) and bringing (16), (14) into
the equation gets

a7

15

3
= a8 T =4, T LB+ Bi(-L,B; + SBy) =

= YA, 0S(e; + 0) — d,+ LiB, 1~ BIL,B; + BISP,-

1

T

Hay4HO-TeXHUYeCcKni1 BECTHUK MHDOPMALIMOHHbLIX TEXHONOM MK, MexaHukn n ontuku, 2023, Tom 23, N2 6
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 6

1099



Dynamic surface control for omnidirectional mobile robot with full state constrains and input saturation

The we choose of virtual control law as

2
—k;bisin mer.
b?
N 7

27'Ce1

0=5" +4q,— LB |, (18)

where k; = (ky, k2, k13)T > 0 is the control gain.
From Young’s inequality one gets

1 1
BISB, <2 BISB: + - B2SB> (19)

Carrying equations (18) and (19) into (17) we obtain

n 1i i=1

; 3 bi; mef; 3
Vis X —ky—tan| — |+ > A(Sey); -
i=1 2b
(20)
Ta . LaT,
=71B1B; +Eﬁzsﬁza

where v = Apin

S
Llf_ >0.
2

Step 2. Finding the derivative of (11) and bringing (7),
(8) and (12) into the derivative equation we obtain

& =V—a—Pp,=WIlp+8+B(sat(t)-At) +d—a+ L,p, =
2 B> ¢ 2P
=W7p+6+Bt+d—a+L,p, (21)

and construct the Lyapunov function as

=1+ 3 D™ Lt (22)
= —tan| — |+ ,
2= 23] 2P
where b,; is a bound on the tracking error of the system
whose values are discussed later; V, is a continuous
function and it is greater than zero.

Differentiating (22), bringing (9), (21), (12) into
function, and assuming (16) yields

3
. o
a=n+ 21 Mi€yi + BiB1 =
.3 -
=V + X 0(Wie +8 + Bt +d—a+ LBy, + (23)
i=1

+ Bl (-L,B, + BAT).

The derivatives of the virtual control rate can make
the computation complicated and cause the differential
explosion problem. In order to reduce the computational
complexity, this paper uses the second-order sliding
mode differentiator as a dynamic surface to calculate its
derivative.

& =—ril& — alsign(&, — a) + &,,

& = —rysign(&, - ), 24)

where & = (€11, &12, &13)7, & = (821, &a, &3) are the state
variables of the second-order filter; r, r, are the system

parameters; sign() is the sign function. According to
reference [18], §; and &; will converge to the virtual control

law « and its derivative a respectively. When inputting
signal with disturbances, the system will generate tracking
errors € and |, — a; <¢;.

Design control torque is as

T=1 1Ty,
2
szbzzsin (ﬂe—22>
— p-1 b: A
7, =B|—————Se, - (25)
ZTCez )\,2
V}’lT(Pl .
- LB, - ‘inT(Pz +&i|
W3T(P3

where k, = (kyy, kpa, kp3)T > 0 is control gain; 1, as
disturbance compensation term to be designed later.
Define the neural network parameter estimation error as

Wi=W,-W, (26)
where W, is the parameter estimation error; W, is the

estimated value of the parameter.
By taking (20), (24)—(26) into (23) we obtain

; 3 blzi nei; 3 b22i mes;
Vo< S -k —tan[ — |t + S {—k, — tan| — |} —
? l%j Y <2b12,~ i; ' 2b3;
T, 7] S
-71B1B1 - B> Lz—g B, + (27)
3 \:X/IT(P] . .
+ Y30 | Wi, |+8+Bry+d+& —a |+ piBAT.

= .
l W3T 03 i
Step 3. Select the Lyapunov function as

13 s
V3:V2+2—ZW,.TW,.. (28)

pi=1

Taking the derivative of (28) and bringing (26), (27)
into it yields

. . 13 ...
Vy=V,——Y WIW, <

Pi=1
3 bzi 2 3 b2,~ Tl',ez,-
<> —kll-—ltan Tei, Y —kzl-—z tan| —— |t —
=1 n 2b%)) A n 2b3;
T, 7] S
V1B — B> Lz—g B+ (29)
3 ‘:VIT(PI
+ Y40 | W, |+8+Bry+d+e |+ pBAT—
5 A
l W_{q’?a i
13
-y Wiw,
pPi=1
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According to Young’s inequality, we obtain

zxz,é,s S —||6|\2< zle —eé, (30)
=1 l 1 l 1

3 13, 2

> kzidifgzle' _||d|\2< 27\21 _eda (31)
i=1 i=1 25

2 135 2

YA ST YAyt _||3H2< 27\2: _ega (32)
i=1 21 21

T, <l T, l 2 2<l T, l 202
ﬁlBAT_zﬁlﬁl +2|IBH l|Az]] _23151 +2HB|| 0rr  (33)

Then choosing the control law, we get adaptive control

law
o =B (- %), (34)
2

W, = p(-p, W, + 2,0)), (35)

where p and p,, are the control gains.
Here, we can get the control law as

2
—kzbzzsin e
b3

A
T= B71 — _lsez — Lzﬁz —
2T[e2 )\,2
VAVlT(pl _
- VszT(Pz T8 -7
W3T(P3

Bringing (30)—(35) into (29) yields

3 b, nej; bzi mes;
< ¥ y—k;;—tan + kop;— tan| —— |t —

lz;l{ i s <2b11>} ZZ;’{ ] s 2b221

T T = T

=Y1B1B1 —v2B2Br ZpWWi W;+ (36)
i=1
1 PRTILY7C TP R
+ IR0, + (05 + 0 + 65,

Sy 1
where y, = Xmin<L2 - 5) -5 >0.

3 e
For Y W/W,, we have
i=1

N I

Bringing (37) into (36) gives

.3 b (med 3 b3  (me3;
Vs < fey—tan[ —= )b+ Sk, —tan[ —= ¢ —
’ zg{ " <2b12i z; ¥ 2b3;

3
T,
—v1BiB1 —2BB — PWZWTW+_||BH29AT

+ E(e)g +07+62) + z w/w,.
=1

Let a = min {;“min(kl)n }"min(kz)a 271: 2Y2a ppw}n
2
:—||B||29AT —(eb +07+07) + ZIWTWZ,
I

then one has V5 <— aV; + b. (38)

Integrating (38) yields
b b b
V5t < <V3(0) - —)exp(at) +—=<V30)+—. (39)
a a a

According to equations (28) and (39), it is known that

bt (mel; b
— 0 —
{ tan(zb )] < V(1) < Va( )+

Tpge

T 1i

b [\ < < V0 +2
—@an| —— |t = < .
T 2b3; 3 3 a

14

Ipge

I

Solving the equations obtains

27 | b
le;| < |——arctan 13(0) + <by;
Y blz

263 [ b
les)| < Tarctan bz V3(0)+— < by;.

Obviously, the control algorithm designed in this paper
can guarantee that the trajectory tracking errors stay within
the constraints. From robot trajectory tracking errors (11)
and (12), we can conclude that |e;| = |q — q,. — B;| < by,
leo] = |V —a — B, < b,.When the initial state of the system
satisfies the limits |q(0) — q,(0) — B1(0)| < by, |V(0) — a(0) —
— B,(0)| < b,, the system will operate within the specified
error range, then the states of the system will satisfy the
inequality |g| < [by| +|q,) + By, [VI < byl + [a] + [B,).

Now we discuss the problem of system boundary
selection. It can be known from assumption 5 and 6 that
“311‘ < nln |BZ;| < MN2i> ‘qu‘ <p1v | | <p21’ |ql| <ylz’ |V| <y217
and we’ve proved that |ej;| < b11> ley;| < by;. According
to definition (11), we get |¢;| < ley| + g, + By <
<by; * py; +ny; when choosing by; = yy; — py; — ny;, the
state of the system will satisfy the boundary condition
|g;] <y1;. Similarly, from definition (12) one has |V;| < |ezl| +
+ |0t |max + ”321| < bZz + |(1 |max My, where ‘(X |max is the
maximum of virtual control law. When choosing b,; = y,; —

— |0 max — N2> the speed of robot will satisfy the boundary
condition |V <y»;.

Numerical simulation

In this section, simulation experiment demonstrates
the effectiveness of the controller proposed in this paper.
The parameters of the robot are chosen as m =9 kg,
L=04m,r=0.05m, I,=11 kg'm2, ,,=0.05 kg-m?,
¢ =0.02 kg-m?2/s. The reference tra]ectory is ¢, =
= 1.5sin(0.1¢) m, ¢,, = sin(0.2¢) m, g,5 = sin(0.1¢) rad. The
control gains are k; = (0.5, 0.5, 0.5)7, k, = (0.1, 0.1, 0.1)7.
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The dynamic surface parameters are chosen as r; = 1.1,
r, = 1.1. The parameters of the auxiliary system are L; =
= diag(20, 20, 20), L, = diag(20, 20, 20).

The boundaries of the tracking errors are chosen as
b, = (0.5, 0.5, 0.5)T, b, = (0.5, 0.5, 0.5)7. The neural
network with 11 nodes, the center is selected to be
uniformly distributed in the interval [-1, 1], and the width
is 2. The adaptive gains are p = p,, = 2. The initial values for
each system are chosen as q(0) = (0.4,-0.4, 0.3)7, V(0) =
=(0.1, 0.1, 0.1)T, W,(0) = zeros(11.1), B; = (0, 0, 0)T, B, =
= (0, 0, 0)T. The external disturbance on the robot is
d; = 0.01sin(?), d, = 0.01sin(2¢), d3 = 0.01sin3(¢). The
saturation input is limited to 7,,,, = 300 N'm, 1
=300 N-m.

min

The results of the experiment can be summarized as
follows: Fig. 2 shows the whole motion of the robot; Fig. 3,
Fig. 4 show the robot position and velocity following
respectively; Fig. 5 shows the errors of robot position and
velocity; Fig. 6 gives the estimated output of the dynamic
surface; Fig. 7 presents the saturation control torque saf(t).

The experimental results demonstrate that the control
algorithm proposed in this paper can enable the robot
to trace the reference trajectory with the given initial
conditions. The robot system states q and V can gradually
converge to the given states by satisfying the defined
constraints; the position error and velocity error are able to
be gradually stabilized in a smaller region near zero. The
saturation control input guarantees that the control torque
does not exceed the maximum output of the motor.

2 ‘ ‘ O
—reference trajectory
[ - -robot trajectory )
1 L -
E0r .
o
-1r start point
72 L L L L L
-2 -1 0 1 2
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Fig. 2. The trajectory of robot
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Conclusion

In this paper, we focus on the trajectory tracking motion
of a three-wheeled omnidirectional mobile robot with full
state constraints and the presence of output saturation of
the driving motors. Firstly, we analyze the kinematic and
dynamic models of the three-wheeled omnidirectional
mobile robot. The model of the robot with actuator
saturation is given. When designing the controller, we
adopt tan-type barrier Lyapunov function and backstepping
method. This ensures that the system full states will not
violate the given constraints when the robot is performing
trajectory tracking. Considering the differential explosion
problem, which occurs in solving the derivatives of the
virtual control law, we use a second-order differential
sliding mode surface to calculate it, so as to reduce the
complexity of the operation. In addition, due to the output
saturation problem of the robot drive motor, we build an
auxiliary compensation system to compensate the error
generated by the saturation function. It eliminates the
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influence of input saturation on the robot trajectory tracking

accuracy. Finally, an experimental simulation is performed

in MATLAB, and the simulation results illustrate the
effectiveness of the control algorithm proposed in this
paper.

1. However, there are still some places that need to be
improved for the study in this paper. The algorithm
proposed in this paper can only ensure that the system
error converges to zero asymptotically. Robots often
need to realize trajectory tracking quickly in practical
application. For this reason, the controller can be further
improved to converge to zero at a specified time.

2. Due to the RBFNN, the dynamic surface and the
saturation function generate output errors that affect
the robot tracking accuracy. This paper only partially
compensates for the disturbance, and does not
completely eliminate the affect generated by the error. It
can be further improved by estimating the upper bound
of the error by adaptive algorithms to further reduce the
perturbation of the error.
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AHHOTaNMS

Bgenenue. ccienoBan MeTo/ By XAJTHHHOBOJIHOBO# 1H(poOBO# ronorpadudeckoil nHTepHEepoMeTpun aHanmusa u
KOHTPOJIS (YOPMBI MOBEPXHOCTH ISl TEXHUUECKUX MPUIIOXKEHNH. JIaHHBII METON SIBIAETCSl OECKOHTAKTHBIM U MPHMEHUM
JUTSI TIOBEPXHOCTEH, KOTOPBIE TIOABEP>KEHBI BO3ACHCTBHUIO, B TOM UHCIIE BRICOKOTEMITIEPATYPHOH TITa3MbI B TEPMOSAECPHBIX
peaxropax. [TokazaHa BO3MOXXHOCTH MIPUMEHEHHSI METO/Ia C MCIOIB30BaHNEM TI€PECTPANBAEMBIX IO JUTMHE BOJHBI
J1a3epoB ¥ MUHHATIOPHBIX BEPTUKATBHO-N3ITyaIOIX 10108, MeToa. B ocHOBe MeTo/a JISKHT By X UTHHHOBOJTHOBAST
(mmue! BostH 854,000-854,082 M n 779,900-779,870 M) nudposas romorpadpuueckas uarepdepomerpust. s
nony4yeHus nHGopmanuu o GpopMe 0OBbEKTa BBIMOIHIETCS CpaBHEHHE (a3bl OTPAKEHHBIX OT 00BEKTa BOJHOBBIX
(GpOHTOB, 3aperHCTPUPOBAHHBIX HA PA3HBIX UIMHAX BOJH. UyBCTBUTEIBHOCTh METO/IA ONPEACIISIEeTCs] BETHUHHOI
CHHTETHYECKOW JTIMHBI BOJIHBI, KOTOPAsi paBHA PA3HOCTH JUTHH BOJIH, HCTIOJIB3YEMBIX MPH 3aUCH IU(POBBIX NEPBUYHBIX
ronorpamMM. OCHOBHBIE pe3yabTaThl. [TokazaHa BO3MOKHOCTb IPUMEHEHNUS B PACCMAaTPUBAEMOM METOJIE BEPTHKAIIBHO-
m3myyaronmx auoaos (Vertical-Cavity Surface-Emitting Laser, VCSEL) B kauecTBe KOTepeHTHOTO HCTOYHHKA JIA3€PHOTO
n3nydeHus. YcraHoBieHo, uTo VCSEL nMeroT mmHy KorepeHTHOCTH 0Koo 20 ¢M, a [UIMHA BOJIHBI H3ITy4EHHUS
JIMHEHHO 3aBUCUT OT BEJIMYMHEI IIPOXOAAIIEro Toka. [IpogeMoHcTprpoBaHa CTaOMIBHOCTD JUTHHBI BOJHBI M3y ICHHS
B npezienax 1 % B TedeHue 24 4acoB HENpPEepBIBHOH paOoThl. [Toka3aHbl BO3ZMOXXHOCTH METO/A JBYXUIMHHOBOJIHOBOH
rojorpaduyeckoit HHTephepoMeTprH st K3MepeHust OpMBI OOBEKTOB Ha MPUMEpax dIeMEHTa Ky30Ba aBTOMOOWIIS 1
3aLIMTHOIO 3JIEMEHTa BHYTPEHHEN cTeHKH peakTopa Tokamak. OdcyxxaeHue. Pe3yabTaTel HCCIeI0BaHUN TOATBEP I
BO3MOXXHOCTb MPUMEHEHHs TEXHUKU JBYX/UIMHHOBOJHOBOI roorpaguyeckoil nHTephepoMeTprn JUIs U3MEPEHUS
(hOpMBI TOBEPXHOCTH TEXHUIECKUX OOBEKTOB PA3INIHOTO THMA. MI3BECTHBIN 1 MIMPOKO MPHMEHSIEMBIH METOM TPOEKIUI
MOJI0C HEAOCTATOYHO HAJEKHO paboTaeT Ha c1ab0 paccenBaIOIINX WM 3€PKATbHO OTPAKAIONINX MOBEPXHOCTSX.
Hcrnonp3oBanne m3BecTHOU cucTeMsl JInmap TpeGyeT MpoBOANTE CKAHNPOBAHHE TOBEPXHOCTH B TEUCHHE OINPEICTICHHOTO
MIPOMEXKYTKA BPEMEHH, UTO TP HECTAOMITEHOCTH 00BeKTa (MEXaHNIECKUE TIepeMeleH s, BHOPAINI) MOXKET IIPHBOIUTH
K omuOKaM M3MepeHHi. B oTinune OoT ZJaHHBIX METOJOB MCCIEOBAHHBII METOJ] MO3BOJISIET IIOBBICUTH TOYHOCTH
HU3MEpPEeHUH 3a CYET MaJIoro BPEMEHH 3KCIIO3ULUH KaMepbl (MUUTMCEKYH/Ibl, MUKPOCEKYH/Ibl JIM C HCIIOIb30BaHUEM
umiynscoB g0 10 ue). Hemocrarkom MeTona ABYX/JIHHHOBOJIHOBOH rojiorpaduueckoil nHTephepoMeTprH SBISETCSI
3aBUCHMOCTb B3aMMHOH KOPPESINU CHEKJI-CTPYKTYp Ha rojorpaMMax OT pa3HOCTH AJHMH BOMH. Jlns yBennueHus
YyBCTBUTEJILHOCTH METOJAa HEOOXOAMMO yBEITHUUBATH 3Ty PA3HOCTD, YTO yXyANIaeT COOTHONIEHNE CHTHAI-IIYM U
CHIDKAET TOYHOCTH MOTYyYESHHBIX JaHHBIX.

KiroueBble cioBa

uugposas ronorpaduyeckas HHTEpPEpOMETpHsl, ABYXUIMHHOBOIHOBAS HHTEPPEPOMETPHSI, ONpeIeIcHUE (POPMBI
MMOBEPXHOCTH, BEPTHKAIBHO-U3ITYYAFOIIHE TUOBL, HU(PpOoBas 00padoTKa H300paKEHUIA, ONITUYCCKUI Hepa3pyIatonit
KOHTPOJIb
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Abstract

A method of dual-wavelength digital holographic interferometry for analyzing and controlling surface shape for technical
applications, including surfaces exposed to high-temperature plasma in fusion reactors, is presented. The capability of
applying the method both using miniature vertical-emitting diodes (VCSEL) and conventional wavelength-tunable lasers
is shown. The research method is based on dual-wavelength digital holographic interferometry, in which the phases
of wave fronts reflected from the object detected at different wavelengths are compared to provide information about
the shape of the object. Moreover, the sensitivity of the method is determined by the value of synthetic wavelength,
which depends on the difference of wavelengths used for acquisition of digital holograms. The method used following
wavelengths 854.000-854.082 nm and 779.900—779.870 nm. Implementation of vertical-emitting diodes for dual-wave
holographic interferometry methods is shown. It is found that such diodes have a coherence length of about 20 cm and
similar to He-Ne laser. The dependence of the emission wavelength of such sources on the current has been examined
and it is determined that the output wavelength deviates less than 1 % during 24 hours. The application of the holographic
method has been demonstrated for measuring the shape of objects used in various technical applications (a car body
part and a shielding element of the internal wall of the Tokamak fusion reactor). The results of the research illustrate the
opportunity to apply the technique of dual-wavelength holographic interferometry to measure a shape of the technical
objects surface of various types. It should be noted that other method such as fringe projection can also be used to solve
such problems, but it does not work sufficiently on low-scattering surfaces, in our case the lacquered surface of the
car body, or specular reflecting surfaces. In addition, the LIDAR technique requires scanning the surface over time,
which can lead to measurement errors if the object is unstable due to mechanical movements or vibrations. In dual-
wavelength holographic interferometry such drawbacks can be reduced by short camera exposure times of milliseconds/
microseconds, or by using pulse laser with pulse durations of 10 ns. However, the major disadvantage of the method is
the dependence of the mutual correlation of speckle structures of holograms on the wavelength difference. In order to
increase the sensitivity of the method, it is necessary to increase this wavelength difference, and this can significantly
reduce the signal-to-noise ratio and decrease the accuracy of the obtained data.
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digital holographic interferometry, digital holography, optical non-destructive testing
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BBenenue

Mertomsr rdpoBoit romorpadudeckoit HHTEpHEepoMe-
TPUH OTHOCSITCS K BBICOKOYYBCTBUTEIILHBIM M OCCKOHTAKT-
HBIM METOJ/IaM OTITHYECKOro KoHTposs [1-7]. B wacTHOCTH,
JBYXJIMHHOBOJIHOBASI IIN(POBasi rosorpapuaeckas HHTep-
(bepoMeTpyst ¢ METOIOM, KOTOPBIH 1O3BOJISET IPOBOANTD
U3MEpEHHE 1 OLEHKY (DOPMBI IIOBEPXHOCTH HCCIIEyEMOTO
ooOnekTa [8—10]. B HacTosImee Bpems ¢ pa3BUTHEM TeX-
HOJIOTUH yCHJIMBAIOTCSI TPEeOOBAHUSI K TOYHOCTH U YPOB-
HIO KOHTPOJISl Ha Pa3HbIX dTalax MPOM3BOJICTBA M3/EINI
JT1000T0 pojia, B TOM YHCJE IPU CO3/IaHUH CIIOKHBIX Ha-
YUHBIX KOMILIEKCOB, B KOTOPBIX HEOOXOIUM JTUCTAHIINOH-
HBII KOHTPOJIb TIOBEPXHOCTH. [IpH 3TOM JUIsl MPUMEHEHUS
METO/a JBYXJIMHHOBOJIHOBOM Trojorpaduyeckoi HHTep-
(bepoMeTprn HeOOXOAUMBI KOTEPEHTHBIE HCTOYHUKH JJICK-
TPOMAarHUTHOTO WU3Ty4YeHHUs (JTa3ephl) ¢ epecTpanBaeMoi
JUTMHOW BONHBL. CerogHs BO3MOXKHO HCIIOIBb30BaHHUE KaK
JOCTATOYHO MOIIHBIX MCTOYHUKOB JIA3EPHOTO U3ITyYECHUS
B AHAIIa30HC OT COTCH MHJIJIMBATT, TaK U MAJIOMOIIHBIX
He Oonee 1 MBT, y KOTOpBIX mepecTpoika JUIMHBI BOJI-
HBI U3JIy4eHHUs BapbUpPyeTCs B Auamna3zoHe 2 HM. Taxxke
TaKHWe MCTOYHUKHU M3IYUYCHUSI MOTYT OBITh pean30BaHbI

KaK M3JIydaroliye JUOJbl C XOPOLIEH CIEKTPaJIbHOMN cTa-
OMIIBHOCTBIO, UTO MO3BOJIAET PEATN30BaTh JOCTATOUHO
KOMIIAKTHbIE MHTEP()EPEHIIMOHHBIE CXEMBbl PETUCTPALIUH
rojorpamMM. B Hacrosimel pabote paccMaTpuBaeTcs pea-
JIM3aLHs METO/IA IBY X ITTMHHOBOJIHOBOM royiorpaduyeckoit
MHTEPPEPOMETPHH C UCTIONB30BAHNEM MUHHATIOPHBIX Bep-
TUKaIBbHO-U3My4aromux auonos (Vertical-Cavity Surface-
Emitting Laser, VCSEL) n 00bI4HOi1 J1a3epHOI CHCTEMBI
C mepecTpanBaeMoOi JUIMHON BOJHBI HA OCHOBE MOHOKpHU-
cTajua cardupa ¢ IpUMechio HOHOB THTaHa. [IpumeHenue
BEPTHUKAIBHO-N3ITYUaOIINX NOI0B TIO3BOJISIET, HATIPUMED,
MPUMEHUTb HHTEP(EPEHIIMOHHBIN METO/ B aBTOMOOMIIEHOM
MIPOMBIIIICHHOCTH ISl KOHTPOJISI COYETAIONINXCS MEXKILY
c000ii 2I€MEHTOB Ky30Ba aBTOMOOWJIS B YCIOBHAX KOH-
BeliepHO# cOopku. TutaH-canupoBkIil Jia3ep MPUMEHEH
KaK OCHOBHOE CPE/ICTBO JJIS MCCIIECIOBAHUS IEMEHTOB,
oOpareHHbIX K ma3me Tokamak-peakropa. [Tokasana mo-
TEHIMaJIbHAs BOZMOXKHOCTb MPUMEHEHHSI TaHHOTO Jla3epa
JUISL KOHTPOJISE ()OPMBI M ACTPAJalliK SJIEMEHTOB B peak-
Tope. V3BecTHO, 4TO OOpaleHHbIE K MIa3Me IEMEHTHI
NEPBOIl CTEHKU PeaKkTopa MPeTepHeBatOT BEICOKUE TEII0-
BbIC HAarpy3KH M CJICPKUBAIOT IIPOPHIB TUIA3MBI U3 KaMEphI
Tokamak [11, 12]. ITpopbIB k€ M1a3Mbl MOKET MPUBECTH
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K paspylieHuto peakropa. TakuM oOpa3oM, THCTaHIHMOH-
HBIH KOHTPOJIb 3JIEMEHTOB TIEPBO CTEHKH HEOOXOIUM JIJIsI
obecrieueHust 6E30MACHOCTH MIPH IKCILTYyATAI[UU TAKOTO
CIIOYKHOTO KOMILIEKCA.

Hcnosib3yeMble MeTOABI U MOAXOIBI

OcHOBY MeTO/Ia COCTaBJIsIeT CpaBHEHHE (a3 onTHYe-
CKUX BOJIHOBBIX ITOJICH, 3apErHCTPUPOBAHHBIX U BOCCTA-
HOBJICHHBIX C ITOMOILbIO TEXHUKHU [IU(POBOH rosorpaduye-
ckoit uaTephepomerpuu [13]. TomorpaMmbl Kak pe3yibraT
nHTEpPEpPEHINH 00BEKTHOTO (M300paKEHNS UCCIICTyeMOTO
00BEKTA) ¥ OTIOPHOTO MOJIEH PErHCTPUPYIOTCS Ha U PO-
BYIO KaMepy BBICOKOTO pazpemieHus. [Ipu sTom 3anuch
ronorpadpuIecKuxX N300pakeHUIl OCYIIeCTBICHA TS Ka-
KON OT/ENbHON JITMHBI BOJHBI ITOCIEJ0BATENBHO HIIN
OZHOBPEMEHHO.

Pacuet (ha3bl 00bEKTHOW BOJIHBI BBIITOJIHEH C HCIIOJb-
30BaHUEM IpeodpazoBanust Oypee.

OTmeTuM, YTO UCIIONB30BaHKE peoOpazoBaHus Dypbe
JUTSL 3apErUCTPUPOBAHHON MWHTEHCHBHOCTH TO3BOJISIET
pas3zenuTh B 00JIaCTH NMPOCTPAHCTBEHHBIX YaCTOT MHTEH-
CUBHOCTHU OTOPHOTO |R(x, y)> u 06bexTHOTO |Up/(X, ¥)|?
moJjiei, a Takke pacrpejaeiieHne 00bEKTHOTO ITOJIS
R}(x, y) x Up(x, y). Onepanus GpUIsTpaldy U HCIIOTb-
30BaHMe 0OpaTHOTO NpeobpasoBanust Pypbe HA MOJIEM
FF T*I(R;(x, ) x Ug(x, ¥)) NO3BOJSIET BOCCTAHOBHUTH €T0
(azoBoe pacmpeneneHue.

Pacnpenenenne da3 amag AByX OOBEKTHBIX MOJEH
Ur(x, y) 1 Upp(x, y), COOTBETCTBYIOIIUX JIBYM PA3TUYHBIM
COCTOSIHUSIM, OTIMIIIEM BhIpaskeHHEM [14]

A@(x, y) = arg[e 1@mby)-em@y)],

B ciywae perucrparyn ronorpaduueckux n3oodpaxe-
HUH Ha pa3HBIX JJIMHAX BOJIH BOCCTAHOBJICHHAS PA3HOCTh
(a3 GymeT COOTBETCTBOBATH (hOPME UCCICAYEMOTO OOBEKTA.
Hanpumep, ecnu HanpaBiIeHNUs OCBELICHHUS U HaOIIONE-
HUSI OOBEKTA TEPIEHIUKYIISIPHBI €r0 TIOBEPXHOCTH, TO IS
paccuuTaHHON pa3sHOCTH (a3 B 21 u3MeHeHue mpoduiis
TMOBEPXHOCTH 00BEKTA ONPENCTUM BhIpakeHrueM [15]:

2 = 2] M
rae A ¥ Ay, — JUTMHBI BOJIH, NCIIOJIb3yEeMbIE JJIS 3allUCH
rojorpaMM; A — CHHTETHYECKas! JUTHHA BOJIHBI.

BaxHoe nmpenMyIecTBO NCCIEayeMOro MeToja — BO3-
MOKHOCTb M3MEHEHUS 1yBCTBUTEIBLHOCTH METO/a ITyTEM
U3MEHEHHs Pa3HOCTH JJIMH BOJIH.

3anuiieM JiBe rojorpaMMbl Ha Pa3HbIX JUTMHAX BOJH
OZIHOBPEMEHHO MJIM MOCJIEA0BATEIBHO C UCIIOIb30BAHUEM
OJIHOTO WJIM JIBYX JIa3€pOB, NIEPECTPANBAEMBbIX 10 JJIMHE
BosiHBEL. CrietyeT 0OpaTuTh BHUMaHHE HA 0COOCHHOCTH
OJTHOBPEMEHHOH WJIM ITOCIIEIOBATEIbHON PETUCTpAINH
rojiorpamm. Harpumep, ipu nocienoBaTensHOM perucrpa-
LMY JTOCTATOYHO MCIIOIB30BATH TOJIBKO OJUH HCTOYHHUK
JIa3€PHOTO M3ITyYCHMS, YTO CYIIECTBEHHO YJCIIEBIACT U
YHpOLIAeT KOH(PUTYPaINI0 ONTHYECKOH CXEMBI roJIorpa-
¢uaeckoro naTepdepomerpa. OmHAKO Takast CHCTEMA TyB-
CTBHUTEJIbHA K MEXaHNYECKUM BO3MYILEHHUAM HCCIIETYEMOIO
00bEKTa B peasIbHBIX YCIOBHUAX M3MepeHuii [16]. Tem e

MeHee, B J1a00opaTopuu MpH HAJIMYUU CHCTEMBI BUOPOU-
30JIIUH JaHHasi KOH(GUTypalys JT0CTaTOYHO HaJeKHa U
MOJKET OBITH UCIOJb30BaHA JIJISl IIOMCKA ONTUMAIBHBIX
YCIIOBHH pEerucTpanuy rojorpapuuecKux U300pakeHni,
MOBBIICHNS] OTHOIICHHS CUTHAJ-ITYM WJIN OTpEJeIICHHS
MOpOTa YyBCTBUTEIBHOCTH M3MEPEHUS IS PA3IUIHBIX
UCCIIEyEMBIX TOBEPXHOCTEH.

Kon¢wurypanus ¢ onHOBpeMEHHOH perucTpanmeii roio-
rpamMM TpeOyeT MCIONb30BaHUs IBYX HE3aBHCHUMBIX J1a3e-
POB, 9YTO MOXKET IMMPUBECTU K CYIIECTBEHHOMY YIOPOKAHUIO
M3MEPHUTENILHOTO KOMILIeKca. B pamkax pasBuTHs MeTona
KOHTPOJIsI HOPMBI TOBEPXHOCTH JJaHHAsE KOH(DUTYpaIHst
ABIISIETCsl OOJIee ONTUMAIBHON 110 CIEAYIONIUM MTPHYU-
HaM: B3aWMHasi HEYyBCTBUTEIBHOCTh K MEXaHHYECKUM
BO3MYILEHHUSAM OOBEKTa, YTO UCKIIIOYACT BOSHUKHOBEHUE
JIOTIOTHUTEIIEHOTO HEHYXKHOTO Habera (a3; BOBMOXXKHOCTh
OJTHOBPEMEHHOW MEePeCTPONKHN UIMH BOJIH C MOCIENYIO-
el perucTpanueil rororpaMm; yMeHbIICHHE BPEMEHH
3axBaTa JByX m300paxkenwii. Ha puc. | mpencrasieHa
0000IIIeHHas cXeMa peTuCTpaIiy rojorpamM. B kagecTse
MCTOYHHKA KOTEPEHTHOI'O M3TyUCHHUSI MOKHO HCIIOIb30BATh
TuTaH-canduposiil nazep, win asa VCSEL ans oxHo-
BPEMEHHOM perucTpanuy rojjorpaMM Ha pa3HbIX JJIMHAX
BOJIH.

OcHoBHBIE pe3yJIbTAThI H 00CY:KIeHUE

B macTosme#t paboTe mpuUMEHEHBI ABE BO3MOXKHEIE
TEXHUUYECKHE PeasIn3allii METOa ABYXATHMHHOBOIHOBOM
ronorpaduyeckoil uHTephepomerpun. B niepBoit ucnosns-
30BaHbl BEPTUKAIbHO-U3TyUalOIINe AUOIBI C IepecTpan-
BAae€MOM JUTMHOI BOJIHBI AJIS JEMOHCTPALMU IPUMEHEHUS
TEXHUKHU B KOHTPOJIE CTHIKYIOIIUXCS YacTel Ky30Ba aBTO-
MoOuIIst. [y mooGHOTO THITA JIa3ePHBIX TUOI0B U3MEHE-
HUE JJIUHBI BOJIHBI OCYIIECTBIICHO IyTeM U3MEHEHNUS TOKA.
Ha puc. 2, @ noka3an nCnoab30BaHHBIN JTa3epHBIA THOJ
xommnaauu Priolas GmbH (I'epmanmus). YcraHOBIEHO, 9TO
3aBUCHMOCTB JIJTMHBI BOJHBI N3ITyUCHHUS JIMHEHHO CBsI3aHa
¢ mmMeHerneM Toka Ha VCSEL-anomax  uMeeT BRICOKYTO
cTaOMIBHOCTH BO BpeMeHU. Ha puc. 2, b ToKa3aHbI Kalu-
O6poBouHbIE TPaUKK 3aBUCUMOCTEN UTMHBI BOJIHBI OT TOKA
nuona. JIBe kannOpoBOYHBIE MPSAMBIE CIICJIAHBI C pa3HUIICH
B OfIHU CyTKHA. OTMETHM, YTO Pa3HUIlA 3HAYCHUH MTOTyIEH-
HBIX MPSIMBIX COCTaBIsIeT MeHblIe | %.

JlomoMHUTENEHO YCTaHOBIIEHO, UTO u3nydeHne VCSEL-
JTMOJIOB HIMEET BBICOKYIO CIIEKTPAIbHYIO CTa0MIBHOCTS [17]
U oIpenenserT JUIMHY KOTePEeHTHOCTH B auana3oHe 20 cM.
MaxkcuManbHOE U3MEHEHHE JUTMHBI BOJIHBI TAKOTO IO/
MOXKET BapbUPOBATHCS B ITpe/iesiaX 2 HM, YTO COINIACHO BBI-
paxeruto (1) obecrieunBaeT pazHOCTh (ha3 B 21 paauaH Ui
BBICOTHI Tpodmins 180 MKM U ompeiessieT MaKCUMaTbHYTO
pabodyro TyBCTBUTEIBHOCTh METO/IA.

Jliist mpoBepKH METOzla MPOBEAEHBI N3MEPEHNUS CTYTIe-
Hek Tpouiist BeIcoTaMu 1| MM ¥ 2 MM C HCTIOJIb30BaHUEM
CTAaHAAPTOB BHICOTHI, IOTPEITHOCTh KOTOPBIX COCTaBUIIA
+0,4p. [Tpu peructpaiyu rojorpaMM MpuMeHEHa KOH(H-
Typars ¢ OTHOBPEMEHHOI 3alnChio H300paXeHHH Ha IByX
Pa3HBIX JUIMHAX BOJIH, KOTOPbIE YCTAHABIUBAINCH COIVIACHO
KaJMOPOBOYHBIM NPSIMBIM (pHc. 2, b). Bpemst sxcrio3unuu
KaMephbl COCTaBUIIO 15 Mc, cHHTE3WpOBaHHasH JJIMHA BOJI-
Hbl — 8 MM. Ha puc. 3, a nokaszaHn 3TajoH, 10 KOTOPOMY

1108

Hay4yHO-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MeXaHUKn 1 ontukn, 2023, Tom 23, N2 6
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 6



N.B. AnekceeHko, A.M. KoxeBHunkoBa

JInnaza

OGseKT CaeToaenurens TIK

CBeTOENINTEND

Nuadparma

Hzobpaxenue
Kommumupyromast
JTUH3a
Bonokno A Bonokno
OIIOpHOTO OIIOPHOTO
BomnokHo ‘ nons Ay Tonst Ay
0OBEKTHOTO MO
T )
M, Ao

Jlazep
C IBYMsI JUIMHAMU BOJIH

Q Bbnok xonTpons
&=

nazepa

[, T
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Fig. 1. Experimental setup for the hologram acquisition
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Fig. 3. Step-profile of height gauges (a), topography value measured by holography (b)

Hay4HO-TeXHNYECKNI BECTHUK MHDOPMALMOHHbBIX TEXHONOMUIA, MEXaHUKN 1 onTukn, 2023, Tom 23, N2 6
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 6

1109



[AByXannMHHOBOJIHOBag LM posas ronorpadunydeckas MHTEPOEPOMETPUSA B TEXHNUYECKNX NMPUITOXEHNAX

MIPOBE/ICHBI U3MEPEHUs, a Ha puC. 3, b — HW3MEpEeHHBIi
IpoduIIb ITAJOHA.

PaccMoTpuM mosrydeHHBIC Pe3yNIbTaThl ONPEIeIICHUS
Tiepernasia ypoBHEH 3JIEMEHTOB Ky30Ba aBTOMOOMIIEH, OKpa-
LICHHBIX B pa3indHble 1BeTa. Ha puc. 4, a mokasan aie-
MEHT MaKeTa PErUCTPaLNH, H3MEPSIEMbI 00BEKT 1 001acTh
n3MepeHus (BbIIEIEHA JKENTHIM MPSIMOYTOJILHIKOM), @ Ha
puc. 4, b — pesyabraTr u3MepeHus npoduist IByX COrya-
COBAHHBIX MTOBEpXHOCTEH. Pa3smep obmactu m3mMepeHus
10 x 10 mm2.

Pesynbrarsl u3amMepeHuil NpoaeMOHCTPUPOBAIIA BO3-
MoxHOCTh puMeHeHust VCSEL B meTozne AByXUTMHHO-
BOJIHOBOH 1IM(hPOBOY rojyiorpauieckoil nHTephepoMeTprun
JUISL TEXHUYECKUX MPUIIOKEHUH Ha TpUMepe KOHTPOJIS
MIPOCTPAHCTBEHHOTO COYETAHUSI AIIEMEHTOB Ky30Ba aBTO-
MOOWIISI MEXKITY COOOH.

Bropoii momxon i peanu3anny TEXHUKH ABYXITHH-
HOBOJIHOBOH royorpadudeckoil HHTephepoMeTpuu — Hc-
TI0JTb30BAHUE OJJHOYACTOTHOTO HETIPEPHIBHOTO THTaH-Call-
¢upoBoro nmazepa B OMmKHEM HH(PAKPACHOM THAITa30HE
e BoaH 700-800 HM Mapku Matisse ot komnanuu Sirah
(I'epmanms). B nanHOW KOHQUTYpaluu OCYIIEeCTBICHA
HOCJIeIOBATENbHASL PETUCTPALIUS TOJIOTPAMM Ha Pa3HbIX
JuirHaxX BodH. OJTHAKO MHTEpeC MPeCTaBIseT UCIOIb30-
BaHUE JBYXJIMHHOBOJIHOBOM royorpaduyeckoit uarepde-
POMETPHH JJISl ONITHYECKOTO HEepa3pyIIAIONIero KOHTPOJIs
oOpalieHHBIX K Iu1a3Me »JaeMeHToB Tokamak. OTMeTHM,
YTO KOHTPOJIb TAKHX 2JIEMEHTOB TPEOYyeT TEXHUKH, UCKITIO-
Yarolel BCKPHITHE KaMephl peakropa. Takum oOpaszom,
METOBI ONTHYECKOTO HEpa3pyIIaloIIero KOHTPOIs, KO-
TOPBIE MOTYT IPEIOCTABUTh JAHHBIC B BUE ONTHYECKOTO
CHTHAJIa, 3apPEerUCTPUPOBAHHOTO Ha I0CTATOYHOM yIAJICHUH
OT M3MepsAeMOTo 00beKTa U 0e3 YCTaHOBKHM TAaTYMKOB Ha
HEM, SIBIISIFOTCS] OIITUMAJIbHBIMHU.

BhINONHAM aHAJIN3 PE3yIBTaTOB U3MEPEHHMA MPO(UIIs
9JIEMEHTa 3aIUTHON 00o0noukn Tokamak-peakropa MeTo-

BeicoTa npoduist, MM

I
(9}
'

L

JIOM JIBYXUTHHHOBOJIHOBOH rosyiorpaduueckoil uuTepdepo-
MeTpuu. Ha puc. 5, ¢ moka3aH 3JeMEHT Takod 000JIOUKH,
M3TOTOBIICHHBIH U3 BoJb(pama. V3yunM BO3MOXKHOCTH
OLICHKH TPO(DUIIST NCCIIETYEMbIX IEMEHTOB METOIOM OII-
THUYECKOTO HEePa3pyIIArIIeTo KOHTPOJISI (Toorpaduaeckoi
uHTephepomeTprn). [IBe TOIOrpaMMbI TIOCTIEIOBATEIIEHO
PETHCTPHPOBAIINCH HA ABYX JUTMHAX BOJH A = 779,900 HM,
Ay = 779,870 HM, YTO COOTBETCTBYET CHHTE3UPOBAHHOM
nnvuHe BoJHBI A = 20 mM. OmnpeneneHue JIUHBI BOJTHBI
MIPOBENICHO C MOMOIIbI0 m3Meputests Burleigh Instruments
WA-1000 (BenukoOpurtanus). B pesynbrate aHanusa mo-
Jy4EHHBIX HHTEp(eporpamMm J0Ka3aHO, YTO BO3MOXKHO
nocrpoenue popmMel noBepxHoctu. Ha puc. 5, b mokaszano
(hazoBoe pacnpesesieHne, COOTBETCTBYIOIIEE POPUITIO
00BEKTa, a HA PHC. 5, ¢ — PEKOHCTPYHPOBAHHOE TPEXMEp-
HOE pacrpeesicHre (OopMBI 3aIIUTHOTO dTeMeHTa [ 18].

W3BecTHO, 4TO i1 TOBBIMICHUS TYBCTBUTEIHHOCTH
METO/a JBYXYaCTOTHOTO OKOHTYPHBAHUS HEOOXOIMMO
yBEIWYCHUE Pa3HOCTHU JIUH BOJH, UCIIOIB3YyEMBIX TIPU
peructparmn. OTHAKO 3TO IPUBOANT K YMEHBIICHHIO B3a-
MMHOH KOPPETSAINH BOJTHOBBIX TOJIEH, YTO YXyAIIaeT pac-
npeaeneHue pasHoctH (a3, Takoi 3 PeKT CUITbHO 3aBUCUT
OT CTENEHH LIePOXOBATOCTH U CJ1a00 BIUSIET HA Pe3ysibTaT
JUTS 3epPKaJIbHBIX TIOBepXHOCTEH. OnmHako B citydae muddys-
HO-OTPaXKAIOMINX TTOBEPXHOCTEH yMEHBIIEHUE B3aUMHOM
KOPPEJSILIUU CHEKJI-CTPYKTYp MPUBOIUT K YMEHBIICHHIO
COOTHOIIICHHSI CUTHAJI-IIIYM JUIst (Pa30BOTO pacIipeieieH s
Ha MHTep(deporpamMmMe WK K roTepe HH(OOpPMaIUK B CIydac
UX MOJIHOH nexoppersiuuu [19].

JIOTIOTHHUTEEHO 3aMETHM, YTO UMEIOTCS 0COOCHHOCTH
WCIIOJI30BAHMSI CXEMBI C OJJHOBPEMEHHOM pEerucTpanuei
TOJIOTpaMM Ha Pa3HBIX JIMHAX BONH. B Takoif koHMHUTY-
pammy CXeMbl PErHCTPALMH BO3HUKACT CIIOKECHNUE WHTCH-
CUBHOCTEH OOBEKTHBIX TMOJIEH, YTO B ciaydae OOJBIION
MHTCHCUBHOCTH HU3JTYYCHHA MOXKCT INPUBECTU K NI€pE3a-
CBETKE JIETEKTOpa M300paKeHNH U rotepe HHPpOpMaInu.

0 5 10
Pasmep, Mm

Puc. 4. MakeT perucTpannn u3MepsaeMoro o0bekTa 1 06mactb usmepenns 10 x 10 Mm2 (KeThIi IPSMOYTONBHUK) (@), BEMMYMHA
poGuIIs COBMEIICHHBIX TIOBEPXHOCTEH Ky30Ba (b), I/ie CHHsIS JIMHUS [T0Ka3bIBACT H3MEPEHHBIH IPOdHIIb, a KpacHasi — YCPEAHEHHOE
3HAYEHUE BJOJIb TOBEPXHOCTH IIPOQHIIS

Fig. 4. Non-cooperative surfaces and measurement results setup (a) with non-cooperative surfaces (yellow square is 10 x 10 mm?
measurement area); (b) is topography cross-section plot (blue line is the measured profile, red is the averaged value along the profile)
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[poduns, MM

Pasmep, my 0

Puc. 5. 3amuTHEIA 21eMeHT BHyTpeHHEH cTeHKH Tokamak-peakTopa (a); GpazoBoe (b) 1 TpexmepHoe (¢) pactpeneneHus IpoQHIst
UCCIIEyeMOro 00bEKTa

Fig. 5. Protective element of the inner wall of the Tokamak reactor («); phase (b) and three-dimensional (c) profile distributions of
the object under study

Tem He MeHee, cXeMa ¢ OJJHOBPEMEHHOM perucrpauuei
XapakTepu3yeTcst OOJbINeii CTAOMIFHOCTHIO U THOKOCTHIO
B YHPaBICHUH 32 CUET UCIIOIb30BAHMS ABYX HE3aBUCHMBIX
HCTOYHUKOB JIA3E€PHOTO U3ITyYCHUSI.

3akiarouenne

B pabore mokazaHa BO3MOXXHOCTh IIPHUMCHEHUS Me-
TO/Ma ABYXJIUHHOBOJIHOBOW HU(PPOBOI romorpadude-
ckoif mHTepdhepoMeTpun ISl KOHTPOIIST (OPMBI TOBEPX-
HOCTH Pa3IHYHBIX MO KJIACCy TEXHHYECKUX OOBEKTOB.
[IpogeMOHCTPUPOBAHO HCIIONB30BAHUE HE TOIHKO OOBIU-
HBIX JIA3EPHBIX CUCTEM C IIEPECTPAUBAEMON IJIMHOM BOJIHBI,
HO M KOMITAKTHBIX BEPTHUKAIbHO-U3TYyJAIOUIUX THOIOB
(VCSEL), y KOTOpBIX U3MEHEHUE JIJIMH BOJIH OCYIIECTBIIe-
HO U3MEHEHHEM TOKa JlazepHoro auoja. IlokasaHo, 4To
VCSEL-cTpyKTypbl 00JIaIaf0T BBICOKOW CIEKTPaIbHON
CTaOMIIBHOCTBIO, UTO OIpEeAessieT OOJbIIYI0, 110 CpaBHE-
HUIO C OOBIYHBIMH JIA3EPHBIMU JHOJJAMHU, BPEMEHHYIO KO-
TePEeHTHOCTh n3nydeHusi. COOTBETCTBYIOIIAS JIMHA KO-
TepEHTHOCTH OlleHeHa B 20 CM U CpaBHHMA C OOBIYHBIMHU

nazepamu (HeNe, HeCd, Ti:Sa). OmHako Takue THOIBI Bce
erie 00JIaaar0T MaJlOW BEIXOTHOW MOITHOCTHIO (1-2 MBT).
N3ydeHa 3aBUCUMOCTD JUIMHBI BOJHBI H3JIYICHHUS TAaKUX
MCTOYHUKOB OT MPOXOSIIETO0 TOKA. YCTAHOBJIEHO, YTO
3aBUCHMOCTb UMEET JIMHEWHbIN XapakTep. [IpoBepena cra-
OWJIBHOCTH JJIMHBI BOJHBI U3ITyU€HUs B TeueHne 24 4acoB
1 ompejieNieHa BeIMYMHA €€ OTKJIOHeHHMs B npenenax 1 %.

[IponeMOHCTPpUPOBAHO MPUMECHCHUE JABYXJIMNHHOBOJI-
HOBO ronorpaduueckoil HHTEphEepOMETPUH JIJIsl U3Me-
penus GopMbI 00BEKTOB, UCIIOIB3YEMBIX B Pa3IUMYHBIX
TEXHHYCCKUX TPUIIOKCHHSX: JIEMCHTA Ky30Ba aBTOMOOWIIS
W 3aIUTHOTO 3JIEMEHTa BHYTPECHHEH cTeHKkHn TokaMmak-
peakrtopa. PaccMoTpens! paznuuHbie KOHGUTYPAIAH OTl-
THYIECKHUX CXEM PETUCTPAIIH IEPBUIHBIX TOIOTPAMM, YTO
MTO3BOJISIET B 3aBUCHMOCTH OT TPEOOBaHMHA ONITUMHU3HPO-
BaTh 3aXBaT N300paKEHUH.

PaccMmoTpeH 0CHOBHOI HETOCTATOK METO/1a, CBSI3aHHBIN
C 3aBUCHUMOCTBIO B3aMHOU KOPPEJISALIUH CIIEK-CTPYKTYP OT
Pa3sHOCTH JJIMH BOJIH, HUCIIOJIB3YEMBIX IIPU PETUCTPALIUU
roJIorpamMMm, 9TO OTPAaHHYUBACT €r0 YyBCTBUTCIBHOCTD U
MIPUMEHCHUE.
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Abstract

The constituent parts of systems where radiation-catalytic processes occur usually differ in terms of mass and electron
density, structural characteristics, electrophysical and chemical properties. Therefore, interaction between phases in
any form has a sharp effect on the direction and parameters of the processes in individual components. In this work,
X-ray diffraction patterns of nano-ZrO, and nano-TiO, samples were obtained before and after gamma irradiation. The
crystal structures of these samples have been studied. The resulting X-ray diffraction pattern was mainly determined
by the atomic plane (¢), the intensity of the obtained peaks, the corresponding syngony of the sample, the lattice size,
density, lattice constants, and the distance between the phase groups. The X-ray diffraction data were processed using the
Fullprof program. Full-profile processing of ZrO, X-ray diffraction data showed that the initial sample has a monoclinic
structure (space group P21/c) with the following lattice parameters: a = 5.1506 A, b = 5.2080 A, ¢ = 5.3293 A. Full-
profile processing of X-ray diffraction analysis of ZrO, after gamma irradiation showed a change in the structure from the
monoclinic (space group P21/c) phase to the triclinic (space group P1). Full profile processing of TiO, X-ray diffraction
data showed that the sample has a tetragonal structure (space group P42/mnm) with the following lattice parameters:
a=b=4.5931 A, c=2.9592 A and unit cell. As a result of calculations (Bg = 1.27; Rp = 1.98; 42 = 2.68), it was found
that the structure of the initial TiO, sample is single-phase, tetragonal, and is described by the space group P42/mnm.
Crystal structure of ZrO, (monoclinic structures, space group P21/c). Crystal structure of TiO, (tetragonal structure space
group P42/mnm). The scientific component of the article is of interest because it touches upon the issues of structural
transformations of zirconium oxide and titanium under the action of gamma radiation.

Keywords
nano-ZrO,, nano-TiO,, X-ray diffraction, crystal structure, gamma radiation
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AHHOTALUA
BBenenue. CocTaBHBIC YaCTH CHUCTEM, B KOTOPBIX IMPOTEKAIOT PaJHallHOHHO-KATAIUTHICCKIE MPOIECChI, OOBIYHO
pas3iauyarTcs Mo Macce W 3JCKTPOHHOW IUIOTHOCTH, CTPYKTYPHBIM XapaKTEPUCTHKAM, SICKTPOPUIHICCKUM
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G. Imanova

U XUMHYECKUM CBoMcTBaM. [1o 3Toii mpuunHe B3aumoaeucTBre (a3 B 1000 hopme OKa3biBaeT OOJBIIOE BIUSHHE
Ha HanpaBJCHUEC W NapaMETPbl NPOUECCOB B OTACIbHBIX KOMIIOHEHTaX. B pa60Te OJIY4Y€HbI PEHTI€HOTPAMMBbI
00pa3ioB HaHO-ZrO, u Hano-TiO, 10 u nocne ramma-o0mydeHus. VcenenoBanbl UX KPUCTAIUIMYECKUE CTPYKTYPBI.
MeTtoa. XapaxkTep MOJy4eHHOH PEHTTEHOTPaMMBI ONPEEAICs aTOMHOM MIIOCKOCTBIO (€), HHTEHCHBHOCTHIO
MOJTyYEHHBIX ITHKOB, COOTBETCTBYIOIIEH CHHTOHHEH 00pasia, pa3sMepoM peIIeTKH, TIOTHOCTHIO, TOCTOSHHBIMHA
pEIIeTKH U PACCTOSHUEM MeXJTy (ha30BBIMU rpynmnaMi. [losydeHnHsle JaHHBIC PEHTTEHOCTPYKTYPHOTO aHaIH3a
obpaboransl ¢ momomrsio mporpammsl Fullprof. OcHoBubIe pe3yabraThl. [lomHonpodnibnas 06paboTka TaHHEIX
PEHTIeHOCTPYKTYPHOTO aHaIn3a oKcuza nupkonus (ZrO,) nokasaia, 4To UCXOIHBIH 0Opa3el] HMeeT MOHOKINHHYIO
cTpyKTYpy (MpocTpancTBeHHas rpymnmna P21/c) co cnemyionmmu napamMeTpamu pemerku: a = 5,1506 A, b= 52080 A,
c=5,3293 A. TlonnonpodubHas 06paboTKa PeHTIEHOCTPYKTYPHOTO aHatu3a ZrO, Mocie raMMa-o0TydeH s Moka3aa
M3MEHEHHE CTPYKTYPbI C MOHOKITMHHO# (pocTpancTBenHas rpymma P21/c) ¢a3pl Ha TPUKIHHHYIO (TIPOCTpaHCTBEHHAS
rpymma P1). ITorronpodunbaas 06paboTka JaHHBIX PEHTTeHOCTPYKTYpHOTO aHanu3a okcuza turana (TiO,) mokasana,
4T0 00pa3el IMeeT TETPArOHAIBHYIO CTPYKTYpY (IIpOoCcTpaHCTBeHHAs rpyma P42/mnm) co ciienyrommumu mapaMmeTpaMmu
pemetku: a = b =4,5931 A,c=29592 Au SIIeMEHTapHOM stuelikoil. B pesynsrare pacueros (Bg = 1,27; Rp = 1,98; %,
=2,68) yCTaHOBIICHO, YTO CTPYKTypa HcxoaHoro oopasma TiO, sBisercs oqHoda3sHoN, TeTparoHaIbHON 1 ONUCHIBAETCS
NPOCTPaHCTBEHHOH rpymmoi P42/mnm. O6cy:xmenne. Takum 0OpasoM, B paboTe IOKa3aHb! CTPYKTYpPHBIE MPEBPAIICHHS
OKCH/JIOB IMPKOHMS ¥ TUTAHA MOJI ISWCTBUEM TaMMa-U3JTydeHHsI.

KanroueBnbie ciioBa
HaHO-ZrO,, HaHO-TiO,, peHTreHoBcKas Audpakuus, KPUCTALINYECKas CTPYKTYpPa, TaMMa-U3IIy4eHUe

BuaarogapHocTn

Boipaxato Onarogapaocts ®apxaj XaulOKOBY HaydHOMY COTPYIHMKY «MHCTHTYTa simepHON QU3MKH AKageMun
Hayk PecnyOnukn Y36ekucran» n Mnapxom bekmynaroBy HaydHOMY COTPYAHUKY «TalIKeHTCKOTO rocylapCcTBEHHOTO
TEXHUYECKOTO YHUBEPCUTETa» 3a IIOMOIIIb B MPOBEICHUH HUCCIIEIOBAHUH.

Ccblika s uurupoBanusi: Mimanosa I. CrpykrypHbli aHanu3 Hanodactun ZrO, n TiO, // HayuHo-TexHnueckuii
BECTHUK WH(POPMAIIMOHHBIX TEXHOJIOTHH, MexaHuku u onTuku. 2023. T. 23, Ne 6. C. 1114-1121 (na anrn. s3.). doi:

10.17586/2226-1494-2023-23-6-1114-1121

Introduction

Nanometer-scale materials have recently attracted
considerable scientific attention because of their beneficial
high surface to volume ratio and therefore unique chemical,
electronic, and physical properties. In particular titanium
dioxide (TiO,) nanoparticles are in the focus of research
and thus many reports on electrical, optical, and structural
properties of TiO, nanoparticles can be found [1-7].
Most of the research reports on the structural properties
of nanoparticles dealt with the determination of structure
type, physical and different microstructural parameters.
X-ray diffraction line broadening studies give more
useful information about the physical parameters such
as crystallite size, dislocation density and strain [§—14].
TiO, is one of the most important materials having various
important applications, such as water and air purification,
self-cleaning materials and photovoltaic cells. TiO, is an
n-type semiconductor having a wide band gap (3.2 eV
for anatase and 3.0 eV for rutile). Deposition of thin films
of TiO, doped with Mn on F-doped SnO,-coated glass
by spin coating has been described. Deposition of thin
films of TiO, on various substrates by a simple sol-gel
dip coating technique has been proposed. It has various
photo-catalytic applications where it can be used in two
forms, i.e., as highly dispersed fine particles on porous
support materials and as suspended fluids in liquid medium.
Titanium (I'V) oxide is a white colored compound which
can be used as a coloring pigment in paints and a main
ingredient of cosmetics and toothpaste. It can be prepared
via reaction of titanium (IV) chloride with oxygen gas. It
can also find applications in photovoltaics, photocatalysis
and gas sensors. TiO, is a semiconductor oxide with
attractive photoactivity properties under UV irradiation
[15-20].

The two most studied forms of titania, rutile and anatase
are photoactive [21-26]. The gap of anatase is equal to
3.23 eV whereas the gap of rutile is equal to 3.02 eV
[27]. Anatase is known to be the most photoactive TiO,
polymorphic material, but, however, it is widely used as
pigments and fillers in polymer materials and coatings.
Nevertheless, mixtures of both phases showed particular
efficacy, for instance, the standard nano-powder P25,
from Degussa, is a mixture of 80 % anatase and 20 %
rutile [28-30]. This formulation limits the recombination
of charges due to the lower gap of rutile, however, their
photocatalytic activity depends on the compounds to be
degraded; the affinity of anatase in term of adsorption of
organic compounds and polymers with the particle surface
is one of the most important causes of the degradation
activity [31, 32]. Many reports have clarified that the
photocatalytic activity of TiO, strongly depends on its
physical properties, surface area, crystallinity, and surface
acidity, to name a few [33, 34]. The correlation between
the photocatalytic activity and the physical properties
of TiO, powders, such as crystal structure, surface area,
crystallite size, and surface hydroxyl groups for example,
has been accepted [35-37]. It is believed that the crystal
structure is one of the most basic properties used to predict
the photocatalytic activity; however, the main property
that plays an important role is also well-known to be the
surface area and the surface chemistry [38]. It has been well
accepted that surface area contact is an essential factor for
the effectiveness of the catalyst. Therefore, it is considered
essential to have a nano-powder, in this case, which will
have the smallest crystallite size in order to enhance the
surface area of contact and therefore the photocatalytic
activity [39-42].

Generally, the latter approach deserves a more attention
in the future because it might bring new information
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about the details of grain boundary evolution during the
sintering ceramic materials. The energetics of formation
and migration of the oxygen vacancy and interstitial in
cubic zirconium dioxide (ZrO,) are investigated by density
functional theory calculations. In an O-rich environment,
the negatively charged oxygen interstitial is the most
dominant defect, whereas the positively charged oxygen
vacancy is the most dominant defect under O-poor
conditions. Oxygen interstitial migration occurs by the
interstitially and the direct interstitial mechanisms, with
calculated migration energy barriers of 2.94 ¢V and
2.15 eV, respectively. Some novel activity and crystal
structure properties are observed and reported showing
the anatase polymorph to exhibit high thermodynamic
stability. For some nano-rutile particles photoactivity and
crystal size has an unusual limitation below 25 nm where
photoactivity decreases. This effect is confirmed from
both methyl orange dye fading kinetics and solid-state
analysis and weathering on doped isocyanate-acrylic paint
films.

In the study work, XRD pattern of nano-ZrO, and
nano-TiO, samples were taken before and after gamma
irradiation. Crystal structures of those samples were
studied.

Materials and method

As a research object, the nanoscale TiO, with a purity
0£99.999 %, bulk density of 0.069 g/cm3, specific surface
area 70-90 m?/g, and particle size to 20-30 nm (Sigma-—
Aldrich, Germany), the purity rate of nanoscale ZrO,
was 99.9 % (Sky Spring Nanomaterials, USA), d = 20—
30 nm, density p = 0.4-0.6 g/cm3 and special surface area
S =330 m?/g was used in this work. X-ray diffraction
studies were carried out on a Malvern Panalytical Empyrean
diffractometer. XRD data were recorded using a Malvern
Panalytical Empyrean analytical diffractometer with CuKa
radiation (A = 1.54 A). In this experiment, the accelerating
voltage of the radiation generator was set to 45 kV and the
emission current to 40 mA. X-ray diffraction patterns were
recorded in Bragg-Brentano beam geometry at 20 = 20°—
70° continuously at a scan rate of 0.43 degrees/min. The
resulting X-ray diffraction pattern was mainly determined
by the lattice strain (€), the intensity of the obtained peaks,
the corresponding syngony of the sample, the lattice size,
density, lattice constants, and the distance between the
phase groups. The lattice parameters are calculated based
on the square formulas of crystallography [15, 18, 29].
Irradiation of ZrO, and TiO, samples was carried out in
a gamma device with ©°Co sources (£, = 1.25 MeV) at a
dose rate of 75 R/s, up to an exposure dose of 100 R.

Results and discussion

Nano-ZrO,. The X-ray diffraction data were processed
using the Fullprof program. The results of measurement
and processing of X-ray diffraction data are shown in Fig. 1
and Table 1.

Full-profile processing of ZrO, X-ray diffraction data
showed that the initial sample has a monoclinic structure
(space group P21/c) with the following lattice parameters:
a=5.1506 A, b=5.2080 A, c=5.3293 A and unit cell
(Table 1). Here, x, v, and z represent the size of the atoms.
As aresult of calculations (B = 1.78; Rp = 1.59; 4, = 2.71),
it was found that the structure of the original ZrO, sample
is single-phase, monoclinic, and is described by the space
group P21/c (Fig. 1, Intensity is in arbitrary units, a.u.).

The unit cell of the ZrO, monoclinic structure is shown
in Fig. 2 and Table 2.

4000

ity, a. u.

2000

Intens

20, °

Fig. 1. X-ray diffraction pattern of the original ZrO, sample:
I — experimental and calculated data; Il — Bragg reflections;
IIT — difference curve between experimental and calculated
data

Fig. 2. Crystal structure of ZrO, (monoclinic structures, space
group P21/c)

Table 1. X-ray diffraction data

Coordinates of atoms
Molecule Thermal factor B
x/a /b zle
Zr 0.2763 0.0421 0.2096 0.4028
0O, 0.0692 0.1662 0.8438 0.9572
0, 0.4493 0.7425 0.9786 0.5355
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Table 2. Properties of gamma-irradiated ZrO,

Sample 20, ° [ D, nm & %1015, lines/m? €, %
Initial ZrO, 28.128 0.506 15.23 4.31 0.88
Gamma-irradiated ZrO, 28.134 0.513 15.02 4.43 0.89

Based on the obtained powder X-ray diffraction data,
the size of crystallites was determined using the Scherrer
formula.

b .78
~ Bscosd’

where D is the average crystallite size, & is the geometric
coefficient (0.9), A is the X-ray wavelength (1.5406 A),
B, is the diffraction reflection width at half maximum
(FWHM), and 0 is the diffraction angle.

The dislocation density was determined from the
equation:

d=1/D2.

4000

f
2000 ¢ {t q lb I R

T
A

1ty, a. u.

Intens
[}
E
2=
?
i
lc
1

Fig. 3. X-ray pattern of an irradiated ZrO, sample:
I — experimental and calculated data; Il — Bragg reflections;
III — difference curve between experimental and calculated
data

xla

The microstress value in ZrO, was calculated using the
Stokes-Wilson equation:

__B
4tan6’

€

Full-profile processing of X-ray diffraction analysis
of ZrO, after gamma irradiation showed a change in the
structure from the monoclinic (space group P21/c) phase
to the triclinic (space group P1). As a result (Fig. 3 and
Fig. 4) of calculations of the irradiated ZrO, sample, the
combination (Bg = 1.13; Rp = 2.52; 42 = 1.88) was found.

On the other hand, the electronic properties
investigations show that the displacement of oxygen atoms
for tetragonal structure leads to half of the zirconium—
oxygen bonds becoming stronger and the other half weaker

Fig. 4. Crystal structure of ZrO, (triclinic structures, space
group P1)

Density, r. u.

15493.345
14401.382
13309.419
12217.458
11125.497

1 10033.536
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1297.842
205.880
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-3070.005

FN
=
L
(@)}
_
O
N
N

vib © —5253.928

0-0

Fig. 5.2D (a) and 3D (b) view of electron density maps of ZrO,
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when they are compared with the bonds in cubic zirconia.
According to the band structure calculations of different
zirconia phases, the cotunnite structure is supposed to be
better than the other ones as gate dielectric material (Fig. 5,
Density is in relative units, r.u.).

Nano-TiO,. The X-ray diffraction data were processed
using the Fullprof program. The results of measurement
and processing of X-ray diffraction data are shown in Fig. 6
and in Table 3.

Full-profile processing of TiO, X-ray diffraction data
showed that the sample has a tetragonal structure (space
group P42/mnm) with the following lattice parameters:
a=b=4.5931A, c=2.9592 A and unit cell (Table 3). As
a result of calculations (Bg = 1.27; Ry = 1.98; 32 =2.68),
it was found that the structure of the initial TiO, sample
is single-phase, tetragonal, and is described by the space
group P42/mnm (Table 4). The elementary cell of the
tetragonal TiO, structure is shown in Fig. 7.

Full-profile processing of X-ray diffraction data of
TiO, after gamma irradiation (Fig. 8) shows that the lattice
parameters increase: @ = b = 4.5946 A, ¢ =2.9609 A and
tetragonal showed that it has a structure (space group
P42/mnm) and unit cell (Table 5) as a result of calculations
of the irradiated TiO, sample (Br = 1.09; Rg = 2.67;
1= 1.77).

lonizing radiation is often more energetic than non-
ionizing radiation and, as a result, is more likely to induce
electronic transitions of atoms and molecules. In electronic
excitation, an electron absorbing the radiation transits into
a higher electronic state becoming less bounded to the
nucleus and therefore more reactive. If the radiation has
sufficient energy, the electron can escape the coulomb
attraction of the nucleus, and the molecule is ionized. In

.
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Fig. 6. X-ray diffraction pattern of the original TiO, sample.
I — experimental and calculated data; II — Bragg reflections;
IIT — difference curve between experimental and calculated
data

Table 3. X-ray diftraction data

Fig. 7. Crystal structure of TiO, (tetragonal structure space
group P42/mnm)

Table 4. Properties of gamma-irradiated TiO,

Impact external physical Initial | Gamma radiation x106, Gy
parameters

D, nm 0.68 0.33

o x 1014, m2 0.02 0.09

contrast, molecules undergoing rotational or vibrational
transitions experience minimal changes in the stability
of the electron-nucleus attraction, resulting in negligible
chemical effects. Therefore, the scientific component of the
article is of interest because it touches upon the issues of
structural transformations of zirconium oxide and titanium
under the action of gamma radiation.
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Fig. 8. X-ray pattern of an irradiated TiO, sample:
I — experimental and calculated data; Il — Bragg reflections;
11 — difference curve between experimental and calculated
data

Table 5. X-ray diffraction data of the irradiated TiO, sample

Coordinates of atoms Thermal Coordinates of atoms Thermal
Molecule Molecule
x/a vib zle factor B xla yib zle factor B
Ti 0.00000 0.00000 0.50000 0.15676 Ti 0.00000 0.00000 0.50000 0.36946
0, 0.19568 0.80432 0.00000 0.16562 0, 0.19568 0.80432 0.00000 0.24743
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Conclusion

The study full-profile processing of ZrO, X-ray
diffraction data showed that the initial sample has a
monoclinic structure (space group P21/c) with the
following lattice parameters: a = 5.1506 A, b = 5.2080 A,
c=5.3293 A. X-ray diffraction analysis of ZrO, after
gamma irradiation showed a change in the structure
from the monoclinic (space group P21/c) phase to the
triclinic (space group P1). As a result of calculations of
the irradiated ZrO, sample, the combination (B = 1.13;
Ry =2.52; x2 = 1.88) was found. Full-profile processing
of TiO, X-ray diffraction data showed that the sample
has a tetragonal structure (space group P42/mnm) with
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AHHOTaNMS

Beenenue. [IpencraBneHbl pe3yabTaThl HCCIEI0BAHUS KPEMHHEBBIX COTHEUHBIX 3JEMEHTOB ¢ (DYHKI[MOHAIbHBIMU
TIOKPBITHSIMU Ha OCHOBE MOJIMBUHUIOYTHPAJIA C yITIEPOTHBIMH KBAaHTOBBIMH ToukamH. [TokazaHo n3MeHeHne napameTpoB
COJTHEUHBIX 3IEMEHTOB MPH HUCTIONB30BAHUHU TAaKUX MOKPHITHH Ha (POHTATHEHOM MOBEPXHOCTH COTHEUHBIX HIIEMEHTOB.
Mertoa. Pazpaboran MeToq HaHeCEHHs TOHKHUX IIEHOK MOJUBHHIIOYTHPAIS C YIIEPOAHBIMH KBAHTOBEIMHU TOYKAM.
[Tnenkn oOpa3zoBaHBI IPH OTKAaYKe PacTBOpPA M30MPOIHIOBOTO CIHPTA C MOJUBHHHIOYTHUPATIEM U yIIIEPOIHBIMHU
KBAaHTOBBIMH TOYKAMH U3 CTEKJITHHOM KIOBETHI IIPH IOMOIIY NEPHCTAIBTHYECKOr0 Hacoca TakKuM 00pa3oM, 4TOOBI
IpaHHIa KOHTAKTa PACTBOPA C MOBEPXHOCTHIO COHEYHOTO 3JIEMEHTa IepeMelanach cBepxy BHu3. [Ipouece moxer
TMPOU3BOAUTHCA KaK C BO3ﬂeﬁCTBHCM YiIbpTpa3BykKa, Tak U 0e3 Hero. Cl'le](Tp])I JIIOMHUHECIICHIIMH YTIIEPOAHBIX KBAHTOBBIX
TOYEK IOJIy4eHBI C UCMoab30BaHueM MoHoxpomatopa CDJI M/IP-41. TonmuHa NOKPBITHSA U3MEPEHA C MOMOLIBIO
cnekTpockonudeckoro amuncomerpa SE 800. OcHOBHBIE MapaMeTpPhl COJIHEYHBIX 3JIEMEHTOB ONPEAEICHBI 10 1
rmocJie HaHeceHns1 (DYHKIIMOHATBHBIX MOKPBITHI ¢ UCIIONB30BaHINEM UMHTATOpa conHedHoro cBeta SolarLab 20-UST.
OcHoBHBIe pe3yabTaThl. MccineoBaHus MOKA3all CHIIBHYIO (UIyOPECICHINIO YITIEPOAHBIX KBAHTOBBIX TOUEK B
yibTpaduoneToBoi odmactu conuednoro crekrpa (350450 um). [Ipn HaneceHnn QyHKIIMOHAIBHBIX MOKPHITHIT Oe3
BO3JICHCTBHS YIBTpa3ByKa HAOIIOAAIOCH yBeJIMueHNe Y(P(HEKTUBHOCTH NPH KOHIEHTPAIMU YIIIEPOTHBIX KBAHTOBBIX
ToueK B pactBope pasHoi 119 mun—!. [Ipu Bo3aeiicTBUU yibTpa3ByKa MONYYEH MUIABHBIA POCT 3P PEKTUBHOCTH
COJTHEYHBIX 3JIEMEHTOB J10 2,34 % NMpU MakCHMaJbHON KOHIEHTPALMKM KBAHTOBBIX TOUEK B pacTBope 463 muH 1.
B xopoTkoBoIHOBOH 001acTH coiaHeuHoro crekrpa (365-470 HM) oTMedeHo yBenudeHue 3QPeKTUBHOCTU I BCEX
KOHIIEHTPANNH yIIepOJHBIX KBAHTOBBIX TOUYEK, KOTOPBIH M3MEHsUICS B Anamna3oHe oT 4,5 1o 38 %. OocyxaeHue.
QOyHKIIMOHAIBHBIE TTIOKPBITHSA HA OCHOBE MOJIMBHHIIOYTHPAISA C yIISPOJHBIME KBAHTOBBIMU TOUKAMH SIBIISIOTCS
MIePCTICKTUBHBIMU ¥ HE HMEIOMINMH aHAIOTOB TOKPHITHAMH ISl COTHEUHBIX JIEMEHTOB, KOTOPHIE BRITIOJIHSIOT TaKXkKe
1 JIOTIOJHUTENEHYIO (DYHKIUIO B KAYECTBE 3AIIUTHOTO MOKPHITUS OT YABTPa(UOIETOBOTO U3ITyYEeHHs. JTO TOKPHITHE
MOXKET OBITh UCIIOIE30BAHO TP MTPOSKTHPOBAHUN M H3TOTOBJIEHHH IIMPOKOTO KJIACCa ONTONIEKTPOHHBIX TIPHOOPOB.
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Abstract

Silicon solar cells with functional coatings based on polyvinyl butyral with carbon quantum dots. The change in the
parameters of solar cells, when these coatings are used on the front surface of solar cells, is studied. A know-how method
has been developed, which consists in the formation of a thin film of polyvinyl butyral with carbon quantum dots on
the surface of solar cells. The coating is formed when the solution (isopropyl alcohol with polyvinyl butyral and carbon
quantum dots) is pumped out of the cuvette in such a way that the contact boundary of the solution with the surface of the
solar cell moves from top to bottom, while the process is carried out without and with ultrasound. Using an SFL MDR-41
monochromator, the luminescence spectra of carbon quantum dots were obtained showing their strong fluorescence in
the short-wavelength visible light region (350—450 nm). The coating thickness was measured by ellipsometry on a SE
800 instrument. Also, on the SolarLab 20-UST sunlight simulator, the main parameters of solar cells were measured
before and after applying functional coatings. When applying functional coatings, the following pattern is observed:
without exposure to ultrasound, an increase in efficiency is observed only at a concentration of carbon quantum dots in a
solution equal to 119 ppm, and when exposed to ultrasound, a smooth increase in the efficiency of solar cells up to 2.34 %
occurs at a maximum concentration of quantum dots of 463 ppm. In the short-wavelength region of light (365-470 nm),
an increase in efficiency is observed for all concentrations of carbon quantum dots, which varies from 4.5 to 38 %. It
is shown that functional coatings based on polyvinyl butyral with carbon quantum dots are promising and unparalleled
coatings for solar cells, which also perform the additional function of a protective coating against ultraviolet radiation.
This coating can also be used for other optoelectronic devices.

Keywords
polyvinyl butyral, solar cells, carbon quantum dots, current-voltage characteristics, efficiency.
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BBenenue

PazButue u uccienoBanus B 00J1aCTH COTHEUHOM HEP-
TETUKH — TPEHJ B MUPOBOH 3Heprocucteme [1-3], mo-
CKOJIBKY 9KOJIOTHYECKasi CUTYaIHsl B MUPE YXYAIIACTCS U
TPaANIMOHHBIE SHEPropecypchl ucromarores. [1o raHHbIM
MEKIyHApPOIHOTO YHEPTeTHIECKOro areHTcTBa B 2027 romy
COJIHEYHAsl HEPreTHKA BBIMJIET Ha TIEPBOE MECTO 110 00b-
eMy BBIpaOOTKH 3meKTpo3Hepruu [4]. OCHOBHBIM THIIOM
COJTHEYHBIX 1eMeHTOB (CD) ABIAIOTCA KPEMHHEBBIE, TaK

KaK IPOIIECC €ro MOMyYeHHs TaBHO U3BECTEH JUIs NprOo-
POB BIEKTPOHUKH | 3aI1ACOB U3 [OJYPOBOIAHUKOB! .
Yrneponusie kBanToBbIe Toukd (YKT), BepBrie mo-
Jy4eHHBIC IIPU OYUCTKE OJHOCTCHHBIX yIJICPOIHBIX Ha-
HOTpYOOK B 2004 1. [5—11], BBI3BaJIN IUPOKHUI HHTEPEC
Cpeau YyUCHBIX B Pa3HBIX 00JacTsIX HAyKH, HAIpHUMED,

1 Pappas S. Facts about Silicon. 2014 [DnekTpoHHBIH pecypc].
http://www.livescience.com/28893-silicon.html (nata obpare-
Hust: 25.04.2023).
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BrvisiHMe NoKpbITUA NOMBUHMABYTMPANS C YrIepoaHbIMN KBAHTOBLIMM TOYKAMMU. ..

OnoMapkepbl B MEMIIMHE, [a30BbIE CEHCOPHI B (DU3HMKE U
ouoxumun, QLED-nuciuien, ia3epsl B ONTPOHUKE, a TAKKE
ceHcHOMIM3npoBanHble kKpacuresneM CO B (POTOBOJIBTANKE
[12]. B HacTosIIee BpeMsi, [I0 MHCHHEO aBTOPOB, OOJIBIION
nnrepec npeacrassior YKT B obnactu poroBonsTanky B
Ka4decTBE YACTHUI, TPE0OPa3yIOIINX Pa3pyIIAIONIIHI yIbTpa-
(roneroBoe M3MyueHNE B 0oJiee pPeIeBaHTHBIN TUAa30H
CBETa W YBEIMUYMBAIOIINE TaKUM 00pazoM Kod(hUIIneHT
nonte3noro aevictus (KITT) CO.

OnHo n3 TaBHBIX onTrueckux cBoiictB YKT — mormo-
[IEHHUE YIIEKTPOMAarHUTHBIX BOJIH B auana3one 200—400 am
1 JIIOMUHECICHIMS B 00JIee JJIMHHOBOJIHOBOM JIHAIIa30He
365-700 um B 3aBucuMocTH OT pasmepa YKT [13—15].
Takum 06pa3om, MOXKHO CKa3aTh, YTO JJISI KPEMHUS C IIN-
PHHOH 3anpenieHHoi 30Hb! 1,12 3B ynerpaduoneroBoe u3-
nmydenue, nornomaemoe YKT, Oynet aroMuHecmpoBars B
6onee >¢pexTrBHON 151 KpemHUEeBoro CO obacTu crek-
Tpa, 9TO MO3BOJIUT YBEIUIUTH CPOK CITyKObI C3, OIOKUpys
BPEIOHOCHBIE YIBTPa(HOIETOBEIC JIyUH.

B pabote [12] YKT npuMeHSIOT B BH/IE 3aMEHbI CEHCH-
ounmsaropa B CD TpeTbero MmoKoJeHUsI, TaK Ha3bIBaeMbIX
sueiikax ['peruens.

B nacrosmieii padore ncnonbzosanbl YKT, kak ¢yHK-
LIMOHAJIbHBIE MTOKPBITUSI HA OCHOBE MOJIMBUHHUIOYTHPAJIS
(I1BB) Ha ¢ponTanbHON MOBEpXHOCTH KpeMHueBoro CO.
B KauecTBe onbITHBIX 00PA31I0B BHIOPAHbI TOIMKPHCTAILIIH-
yeckue kpemHueBble CO. MccaenoBanbl H3MEHEHUS Mapa-
METPOB BOJILTAMITEPHBIX Xapakrepuctuk (BAX) monukpu-
CTaJUIMYeCKNX KpeMHHeBbIX CO Ha ycraHoBke SolarLab
20-UST B 3aBHCHMOCTH OT pE)KHMOB HAaHECEHUS TUICHOK
(c ymeTpasBykom u 6e3) n koHmeHTpannud YKT B TOHKHX
TUICHKAX.

MaTepna.m)l H METOAbI

Jnst uccnenoBanus BBIOpaAHO BOCEMb 00pa3IoB KpeM-
HHUEBBIX MOJUKpUcTamnndeckux CO (Mpou3BOACTBO
SunPower, Kurait). [ToBepxHOCTH H3aenMii ObLTa OYH-
meHa U 00e3KUpPeHa B M3OMPOIIIOBOM CIUpPTE (X.9.) U
JIEMOHN30BaHHOI Boze. 1 HaHeceHNs (PYHKIIHOHAIEHOTO
TTOKPBITHS BBIOpaH McxoaHbIi pactBop I[IBB mapku JIA B
M30TIPOTIMIIOBOM CHHPTE ¢ KOHIeHTpanueit 5 T Ha 100 mut.
[Tyrem nepemernmBanust ncxoanoro pacrsopa ¢ YKT mpu-
TOTOBJICHBI YeThIpe pacTBopa ¢ koHueHTpauueit YKT: 44,
119,237 u 463 M. VKT npenocrasnens pupmoit OO0
«®Dunreka» (Mocksa).

Hanecenne mnenok ¢ YKT ocymiectBieHo MeTo10M
TIepeKaYnBaHus pacTBopa nu3 OydepHoil eMKOCTH B cTe-
KIISTHHYIO KIOBETY ¢ 00pa3IioM B YHCTHIX ycioBusx (hepa-
¢upTp h13). Cxema ycTaHOBKH MOKa3aHa Ha pucC. 1.

[Ipotecc HaHECEHHS OCYMIECTBICH CIEAYIONUM 00-
pa3oM, B KIOBETE JJISI HAHECEHUS MOKPHITHS 2 Ha CIEITH-
aJTbHOM TozIBece ToMentaincs oopazer CD 4. [Tpu momoru
nepuctansTudeckoro Hacoca Kamoer KCM-ODM c ma-
TOBBIM JBUTaTeNeM-ycTaHoBKkol Tiia ODMA ] kroBeTa u3
OydepHoit eMKOCTH 3 HAMOJIHsIIACh PACTBOPOM C Tpelye-
Mot koHnenTpauueit YKT. ITocne nonHoro morpyxeHus
CD B pacTBOp HanpasjeHHe epeKaunBaHUs PacTBOPa H3-
MEHSIOCH U MPOUCXOUIIO € 3alaHHOM ckopocThio. Cylika
oOpazna CD ¢ HaHECEHHBIM MOKPBITHEM BBITIOJIHEHA B
CHEIMaTBFHOM YUCTOM OOKCe B TeueHHe 5 MuH. s yib-

/1

3 4

Puc. 1. Cxema yCTaHOBKH /Ul HaHECEHUS (DYHKIIMOHATBHBIX
TOKPBITHH: | — mepucTanbTHIecKuii Hacoc; 2 — KIOBETa IS
HaHeceHus; 3 — OydepHast eMKOCTb; 4 — 00pa3ell COTHEYHOTO
JIIeMEHTa
Fig. 1. Scheme of the installation for applying functional
coatings, where: / — a peristaltic pump; 2 — a cuvette for
application; 3 — a buffer tank; 4 — a solar cell sample

TPa3ByKOBOTO BO3AEHCTBHUS B IpOIlecce HAHECEHUSI (DYHK-
IIHOHAIBHOTO TOKPBITHS KfoBeTa 2 1 OydhepHas eMKOCTh 3
nomvemranuchk B BauHy AOYUE Ultrasonic Cleaner 9060.
YacroTa yiapTpa3ByKoBbIxX kojeOanuit 40 kI'11. I[Tpu HeoO-
XOJJMMOCTH ITPOBOJIMIIOCH IOBTOPHOE HAaHECEHHE.

CKOpOCTb MPOKAYKH PacTBOPa PEryarpoBaiach 11aro-
BBIM JIBUTATEJIEM ITPU KOMHATHOH Temrieparype. TonmumHa
MJIEHKU M3MEpeHa C MOMOIIBI0 CIEKTPOCKOMNYECKO-
ro amunncomerpa SE 800 (Sentech Instruments Gmbh,
I'epmanust) u npu temneparype (25 + 2 °C) cocrasuia
80 £1 HM npu CKOPOCTH JIBUTraTeNsl Hacoca paBHOM 35 mia-
TOB B MUHYTY, YTO COOTBETCTBYET U3MEHEHUIO YPOBHS KNI~
KOTO pacTBOpa paBHOMY cKopocTH 1,95 mv/muH. [TokperTrs
ObUIM HaHECEHBI KaK 0e3 yIbTPa3BYKOBOTO BO3/ICHCTBHS
(Ob6pasmsr Ne 1-4), Tak u ¢ BO3ACiiCTBHEM YIBTpa3ByKa
(O6pasupr Ne 5-8). Konnentpanus YKT onpeznenena mpu
nomontu EC/PPM merpa HM Digital EC-3.

BAX o06pa3ioB nonyuensl Ha yctaHoBke SolarLab
20-UST, xoTopast UMeeT OMNINI0 N3MEPEHUs apaMeTpoB
BAX nipu pa3nuyHoii pUKCUPOBAHHOM JIJIMHE BOJIHBI CBETA
(365, 400, 460, 540, 570, 640, 750 HM) C TOMOIIBIO COOT-
BETCTBYIOIIUX BCTPOCHHBIX CBETOANOOB.

Pe3yabTaThl u 00cy:KAeHTE

HcxoHble 3HAYEHUsI BBIXO/IHBIX MTapaMeTpOB 00pa3iioB
CD 1o HaHeceHUsI TIOKPBITUS (TOK KOPOTKOTO 3aMBbIKaHHS
I, HampsixeHne xonoctoro xona Vi, KI1J1, daxrop 3amon-
nenus (FF)) mpencrasnenst B Ta0. 1.

Pesynbrarel n3MepeHnii OCHOBHBIX ITapaMeTpOB ITOCIIe
HaHeceHus pyHKIMoHanbHBIX TOKpbITHIL [IBB ¢ VKT npu-
BEIEHBI B Ta0II. 2.

B 1abn. 3 mpenacTaBiaeHBl 3HAYCHUS OTHOCUTEIHHBIX
WU3MEHEHUH TOKa KOPOTKOTO 3aMbIKaHUsA Al ,, HAIPSKEHUS
xosoctoro xona AV, koadduimenTa mone3Horo AeMcTBUsL
AKIII n daxropa 3anmonuenust AFF oT koHIeHTpanuu
YIIepOIHBIX KBaHTOBBIX Touek YKT.
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Tabnuya 1. TlapameTpsl BAX HCXOTHBIX CONMHEYHBIX dIeMeHTOB. [IpenenbHble oTKIIOHeHUs napameTpoB BAX +0,05

Table 1. 1-V characteristics of initial solar cells

Homep o6pasna
IMapamerpsr BAX
1 2 3 4 5 6 7 8
I, MA/cM2 16,72 17,05 16,39 16,72 16,94 16,95 16,94 16,61
Vix> B 0,524 0,492 0,524 0,528 0,516 0,520 0,528 0,524
KITH, % 17,37 14,61 17,04 16,20 15,33 17,85 17,94 17,97
FF 72,82 63,90 72,67 67,18 64,37 74,27 73,70 75,40

Tabnuya 2. Iapametpbl BAX cOMHEYHBIX 37I€MEHTOB MOCIIC HAaHECEHH (DYHKIIMOHATBHBIX MOKPEITHIL. [IpenenbHble OTKIOHEHHS
napamerpoB BAX +0,05

Table 2. Parameters of the I-V characteristics of the solar cells after deposition of functional coatings

Homep o6pa3sia
[Tapamerpsr BAX
1 2 3 4 5 6 7 8
I, MA/cM2 17,05 17,39 16,71 17,05 17,14 17,28 17,12 17,09
Vo B 0,522 0,512 0,519 0,522 0,511 0,525 0,532 0,529
KILI, % 15,98 15,78 15,34 14,99 14,41 17,49 18,29 18,33
FF 65,54 65,44 63,58 61,13 60,37 71,30 73,01 74,79

OTHOCHTENbHBIE U3MEHEHHSI PACCYMTAHBI KaK OTHO-
LIIEHUE Pa3HOCTH PE3yJILTATOB ITOCIIE U IO HAHECEHHUsI O~
KPBITHUS, pa3/ieJICHHBIX Ha 3HAYCHHs PE3yJbTaTOB MOCIe
HaHECEHHs IOKPHITHUSI.

CornacHo Ta0i. 3 (HaHECeHUE MTPOUCXOAMIIO Oe3 YIbT-
pa3ByKa) BUIHO, YTO M3MEHEHHE TOKa KOPOTKOTO 3aMbIKa-
HuA Al muia Beex koHueHTpannil YKT maer ycroiansoe
yBEIMUYCHNE B cpeqHeM Ha 2 %. Hampspkenne xomoctoro
xoma AV, ¢ n3menennem konnentpaunu YKT ot 44 no
119 mun! cHavana yBenuusaercst Ha 4,11 %, a 3atem, 11pu
yBennuennn kouuenrpaunn YKT no 463 mun!, ymenbina-
ercs Ha 0,76 %. Takoe ke rmoBeneHue HaOIIOMAETCS U JJIs
KITJI — cnayana yBenuuenue Ha 8 %, a 3aTeM yMEHbIIIe-
Hue Ha 7—11 %. D10 obwsicHseTcs noronienueM YKT yiib-
tpacuoneroBoro csera (200-400 HM) U ero nepensiyde-
HHUEM B OJIFDKHIOFO 00J1acTh BUAMMOro cBeta (365700 Hwm).

W3BecTHO, 4TO CO BpeMeHeM (TI0ciie CHHTE3a B TEUCHNE
cyToK) mporcxonuT kKoarymsiust YKT B pacTBope, mosToMy
JKEJIaTeIHbHO MCTIOTB30BaTh YIBTPAa3BYKOBYIO BaHHY IIPH
nonyuyenuu mieHok [IBb ¢ YKT. Bo3zaelictBue ynsrpa3Byka
CTIIOCOOCTBYET Pa3pyIICHUIO KOHIJIOMEPAaTOB Ha OT/ICIEHBIE

Tabauya 3. OTHOCHUTENIBHOE U3MEHEHHE TapaMeTpoB BAX
(o m moce Hanecenust), %o

Table 3. Relative change in -V characteristics before and after
application, %

Uccneayembie Konnenrparust YKT, min-!
TapaMeTpbl 44 119 237 463
Al 1,97 1,94 2,01 1,97
AV -0,76 4,11 -0,76 -0,76
AKIIJ] -8,81 8,21 —-11,62 -7,96
AFF -10,22 2,16 -12,78 -8,92

VYKT. ITo 3Toit npuyrHe 0COOBIH UHTEPEC MPEACTABIISA-
I0T Pe3yNbTaThl UCCIETOBAaHUN MapaMeTPOB KPEMHUEBBIX
CO ¢ VKT, nony4yeHHBIX NPU BO3ACHCTBUH yIbTpa3ByKa.
B Tab11. 4 npencTaBiIeHO OTHOCUTENbHOE U3MeHeHue Al .,
AV, AKII1, AFF ot xonnentpauuu YKT npu HaHeceHuun
TOHKHX IICHOK C YIBTPa3ByKOM U 0e3.

IIpu ananmu3e MpeacTaBICHHBIX PE3yNbTaToB (TadI. 4)
BHUJIHO, YTO M3MEHEHHE TOKa KOPOTKOTO 3aMblkaHus Al
yBemmuusaercs ¢ 1,30 % 1o 2,65 % npu yBenndeHun KOH-
uentpauun YKT or HauanbHOM 10 MakcumaibHOU. UTO
XapaKkTepHO, TaKkKe HaOJIoaeTCsl yCTOWYMBOE yBeJInye-
HHUE HanpsbkeHHus xonoctoro xoma AV, ot —0,76 % npu
kounenrpanun YKT 44 muu-! no 0,80 % npu KoHLEeH-
tpauuu YKT 463 min-!. Ormerum, uto 3hPEeKTUBHOCT
npu kounenrpanusx YKT 44 u 119 mun! ymensiuunacs
Ha 5,68 % u 1,51 %. IIpu xonuentpauusx YKT 237 u
463 mun! HaGIIOMAT0Ch MOJOKUTENBHOE YBEIHYEHUE
s dexruBrocTr Ha 1,84 % u 2,34 %.

Oco0BIit MHTEpEC MPECTABISAIOT UCCIICAOBAHNS H3Me-
Henus I, Vi, KITII, FF ¢ moxperrusamu I1IBB ¢ YKT co
3HAUCHUSMH MCXOAHOTO KpeMHHEeBOro CO Ha pa3iIudHBIX

Tabnuya 4. OTHOCUTEIIBHOE U3MEHEHHE napaMeTpoB BAX
IIPY HAaHECEHUH TOHKUX IIEHOK C YIIBTPa3ByKoM H 0e3, %

Table 4. Relative change in [-V characteristics before and after
application, with US, %

Hccnenyembre Konuenrparms YKT, !
TapameTpal 44 119 237 463
Al 1,30 1,95 1,30 2,65
AV -0,76 0,77 0,76 0,80
AKIIJ] —-5,68 -1,51 1,84 2,34
AFF —6,25 —4,11 —0,65 0,54
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Fig. 2. Dependence of the change in [, V., efficiency and FF
of a solar cells with a CQDs under the action of ultrasound on a
solar cells without a CQDs on the wavelength

JUTMHAX BOJH U3Iy4eHus. Ha puc. 2 moka3aHsl H3MCHEHUS
Iy, Vi KILJ u FF xpemuuensix CO ¢ VKT (HaneceHue
B MIPHUCYTCTBHUH yJAbTPa3ByKa) Ha Pa3HBIX JIMHAX BOJHBI
T14IA0IIeTO U3ITyICHUS.

Pesynbrarsl uccnenoBanuil nokasanu yseanuenue KI1JT
Ha CIeAYyIoNIUX JJIuHax BOJH: npu 365 um — 38,46 %,
mpu 400 um — 26,09 %, npu 460 um — 4,46. [Ipu nnu-
Hax BoytH oT 570 M 110 750 um 3nauenue KIIJ[ nagaer Ha
BeinuuHy ot 2,04 % no 7,55 %. Takum oOpa3oM, MOKHO
caenats BeIBOJ, uTo YKT nator 3HaunrensHslil poct KI1LJ]
B KOPOTKOBOJIHOBOH o0iact (365—470 HM) COTHEYHOTO
CIIEKTpa.

J11st 00BSCHEHUS TTOTYIEHHOTO pe3yibTaTa ObLT OT/Ieb-
HO U3MEPEH CHEKTP (POTOTFOMIHECIICHIINU UCTIONB3yEeMbIX
VKT (puc. 3) ¢ momompio cuekrpoduyopumerpa CDJI
M/IP-41.

HWcxops u3 Toro, 4To nuK (POTOIFOMUHECIICHIIUH TTPUXO0-
IUATCS Ha 00acTh 365420 HM, MOYKHO 3aKJIFOUHUTh, YTO H3-
3a TIODJIOIIEHHS B YABTPa(hUOIETOBOI 001aCTH, UMEHHO Ha
JUJIMHE BOJIHbI 365 HM UMeeTCs MAKCUMAaIbLHOE YBEIINYCHUC
napametpoB BAX 7, V., KII/I, FF o6pa3snos C3 ¢ no-
kpbiTusiMu [1BB ¢ YKT. Takke GyHKIIMOHATBHBIE TOKPHI-
Tust Ha ocHoBe Y KT MO3BOJISIIOT CHU3UTH U BPEIHOE BO3-
neiicTBre yusrpaduonaeToBoro ceera Ha CD, 4To 0COOEHHO
Ba)YKHO TIpH paboTe B KOCMHYECKOM ITPOCTPAHCTBE.
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BriBoabI

MOXHO 3aKJIIYHTh, YTO UCCICAOBAHHBIC (YHKI[HO-
HaJIbHBIC TTOKPBITHSI OYIyT aKTyajJbHbI B 00JIACTH YJIBTpa-
(hroJIeTOBOTO M3IIYYEHHSI U MOTYT HaWTH NPUMECHEHHE
B 00JIACTH NPOCKTUPOBAHMS M M3TOTOBICHHS MPUOOPOB
(hoTOBOJIBTANKH, B TOM YHCIIC © B KOCMHYECKUX TPHOO-
pax. [Ipu 3TOM HMeeTcs IPEOI0KEHUE, YTO YITICPOAHBIC
KBaHTOBBIC TOYKH, IOIVIOIIAS yIbTPa(UOIETOBBII CBET,
CHIDKAIOT JICTPpaJaliio CONHEYHBIX AJIEMEHTOB, YTO yBe-
JUYUBAET CPOK MX CITyObI [15].

3akJ/iouenne

CpaBHUTENIBHBIN aHATN3 TAPAMETPOB BOJIBTAMITEPHBIX
XapaKTepUCTUK KPEMHHUEBBIX COJIHEYHBIX JIEMEHTOB C
(DyHKIIMOHAIBHEIM MTOKPBITHEM HOJUBUHWIOYTHPAIS C
YIIIEPOAHBIMU KBAaHTOBBIMH TOYKAMH MOKA3aJl, YTO U3Me-
HEHMeE TOKa KOPOTKOTo 3aMblkaHus Al Ul Bcex 00pa3LoB
JIa7io yCTOMUYMBOE yBEIMUCHUE B cpetHEM Ha 2 %.

Pesynbrarel nccienoBanuii NpoJEMOHCTPUPOBAIIH, YTO
Ha JUTMHE BONIHBI 365 HM yBennueHune 3pPeKTUBHOCTH CO-
craBuio 38,46 %, npu 400 am — 26,09 %, npu 460 HM —
4,46 %, npu 540 uM u nanee HaOIOMACTCS HEOOBIION
cnaja dppexTuBHOCTH. Takylo 3aKOHOMEPHOCTH MOYKHO
OOBSICHUTH TE€M, YTO OCHOBHOM IHK JIFOMUHECLIECHIINH T10-
KPBITUH C yIIIEPOTHBIMUA KBAHTOBBIMH TOYKaMH HAXOINUTCSI
B obmactu 350450 HM.
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AHHOTANMSA

Beenenue. [IpescraBiceHbl pe3ybTaThl pa3padOTKU allTOPUTMA [TOMCKA ONTUMAIBHBIX HAYallbHBIX KOHICHTPALIUI
BEIECTB XUMHYCCKOM peakiuy. AJITOPUTM COYETACT KOMOMHAIIMIO METOIOB ONTUMHU3AIIUH C TCOPETHICCKUMU OCHOBAMHU
MOJICJIMPOBAHMS XUMUUECKHUX PEaKIUi B YaCTH TIOCTPOCHUS X KMHETHUECKUX Mojesei. Maremarnyeckoe onucaHue
JUHAMUKU KOHLEHTPAUMUH pearupyrounux BEIeCTB BO BPEMEHH MPEICTABICHO B BUAE CUCTEMBbl OOBIKHOBEHHBIX
mudepeHINATbHBIX YPaBHEHUH, HauadbHbIC YCIOBHS KOTOPOH 3a/JaHbl 3HAYCHUSMH HadyaJbHBIX KOHIICHTPALUN
pearentoB. Meton. B obmem Buzae chopmyaupoBaHa 3agada ONMpeaesICHUs] ONTUMAIBHOTO COCTaBa pearupyromei
cMecH. 3a/1aya COACPKUT OTPaHHUYCHIS, HAKJIaAbIBaeMble Ha 3HAUCHUSI HAYaJIbHBIX KOHIICHTPAIMI BEIICCTB U HA
WX Ha4YallbHYI0 CyMMapHYI KOHIICHTpanuto. [ penieHns MoCTaBICHHON 3a/1a4i MPUMEHEHBI METO/bI MTPadOB U
Xyka—Jxusca. Onucana GyHKIWs mtpados, MO3BONISIONAs CBECTH UCXOMHYIO 3a/1ady K 3a/aue 0e3 OrpaHuYCHUi.
OcHoBHbIE pe3yabTaTbl. CHOPMYIUPOBAH MOMIATOBBIA aJTOPUTM MOMCKA ONMTUMATBHBIX HAYaIbHBIX KOHIICHTPAIHI
XUMHUYeCcKol peakiyu. [IpoBe/ieH BEIYMCIUTEIbHBINA SKCIIEPUMEHT JJIsl KATATUTHYCCKON peakiiui aMUHOMETHUIIMPOBAHUS
THOJIOB C IOMOILBIO TeTpaMeTWIMeTanAnaMuHa. [IpuBeneHa KuHeTnyeckass MOJeNb PEeakLui, HA OCHOBE KOTOPOM
chopMyIMpOBaHa ONTHMU3AIMOHHAS 33/1a4a MOMCKA 3HAYCHUH HAa4aJIbHBIX KOHIIEHTPAIMH PEAareHTOB Ul MOTyYeHHS
HauOOJIBIIETO BBIXO/IA LIEJIEBOTO MPOAYKTA B KOHIIC PEAKINHU. BRIYHCIEHB ONTHMAabHbIC HaYa bHbIC KOHLICHTPALIUU
HMCXOJHBIX BEIIECTB IS Pa3HOW MPOJODKHTEIBHOCTH PEAKIIMU U NP Pa3IUYHBIX 3HAUYCHHSIX TEMIEPaTypHI.
Oocyxnenne. Pa3paboTaHHBIN YHCICHHBIN aJITOPUTM OIPEICIICHHS ONITUMAIIBHBIX HaYaJIbHBIX KOHIICHTPALIUI PEareHTOB
YUUTHIBACT (PU3UKO-XUMHUCCKUE OCOOCHHOCTH ITOCTABICHHOW 3a/ladl U MOKET OBITh TIPUMEHEH TPU UCCIICIOBAHUH
CIIOXHBIX XUMUYCCKHUX PEAKIUH, copepKaIUX OONbIIOE KOJIMUYCCTBO HAYaIbHBIX M MPOMEKYTOUHBIX BEIICCTB.
Ero npumeHeHue 1mo3BoJsieT Ha dTane KOMIBIOTEPHOTO SKCIEPUMEHTA ONPEASIUTh 3aKOHOMEPHOCTH MPOTECKAHUS
XMMHUYECKOW peakuuy, He mpruoderas K IpoBeICHUIO Ja00paTOPHOTO OIBITA, YTO CYLIECTBEHHO SKOHOMUT MaTepHUalIbHbIE
¥ BPEMEHHBIE 3aTPaThl HCCIICT0BATEN.
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Abstract

The results of developing an algorithm for searching for optimal initial concentrations of substances in a chemical
reaction are presented. The algorithm combines a combination of optimization methods with the theoretical foundations
of modeling chemical reactions in terms of constructing their kinetic models. A mathematical description of the dynamics
of the concentrations of reactants over time is presented in the form of a system of ordinary differential equations the
initial conditions of which are specified by the values of the initial concentrations of the reactants. The problem of
determining the optimal composition of the reacting mixture is formulated in general terms. The problem contains
restrictions imposed on the values of the initial concentrations of substances and on their initial total concentration. To
solve the problem, the penalty method and the Hooke—Jeeves method were used. A penalty function is described that
allows one to reduce the original problem to a problem without restrictions. A step-by-step algorithm for searching for
optimal initial concentrations of a chemical reaction is formulated. A computational experiment was carried out for the
catalytic reaction of aminomethylation of thiols using tetramethylmethanediamine. A kinetic model of the reaction is
presented on the basis of which an optimization problem is formulated to find the values of the initial concentrations
of reagents to obtain the highest yield of the target product at the end of the reaction. The optimal initial concentrations
of the starting substances were calculated for different reaction durations and at different temperatures. The developed
numerical algorithm for determining the optimal initial concentrations of reagents takes into account the physicochemical
features of the problem and can be used in the study of complex chemical reactions containing a large number of initial
and intermediate substances. Its use makes it possible to determine the patterns of a chemical reaction at the stage of
a computer experiment, without resorting to laboratory experiments, which significantly saves the material and time
costs of the researcher.
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BBenenune

B Hacrosiiee BpeMs MaTeMaTH4eCcKkoe MOACTHPOBAHUE
KaTaJIUTHYECKUX MPOLECCOB MIMPOKO MPUMEHSETCS TS
pelIeHus MPaKTUUECKUX 3a/1ad XUMUUECKOM TEeXHOJIOIHU
[1-8]. OnpenenuTs 3HaYEHUsI KOHIEHTpALUil pearupy-
IOLIMX BEHIECTB B JII000H MOMEHT BPEMEHH BO3MOXKHO C
TTOMOIIBI0 KHHETHYECKOW MOJIEIT XUMHUYECKOH peaKiny.
Monenb BKITIOYaeT B ce0s IepedeHb PeareHToB, OTACIBHBIX
CTaJAMM UX NPEBpALICHUs], YPABHEHUE CKOPOCTEN CTaauid,
3aBUCSIINX OT KOHIIGHTPAIUH PEareHTOB M TEMIIEPaTyphl.
B kauecTBe ycia0BUiIl IPOTEKAHUSI XMMUYECKON peaKIuH,
MOJUIEXkKAIUX ONTUMHU3ALUY [l OTYHYSHUS 3aJJaHHOTO
YPOBHS KOJIMYECTBEHHBIX M Ka4eCTBEHHBIX MOKa3aTelneit
mpolecca, MOKHO paccMaTpuBaTh TeMIlepaTypy, JaBie-
HHUE, COCTaB PEAKIMOHHON CMECH, CKOPOCTh €€ MoJauH,
JUINTENIHOCTB TIpoliecca U T. 1.

[IpakTuyecku 3HAYMMOMN 3ajauell UCCIeOBaHUS Ka-
TaIUTHUYECKUX PEAKLUN SABISETCS ONpeAesICHUe MoKa3a-
TeJIel mpoliecca B 3aBUCHMOCTH OT Ha4aJIbHOTO COCTaBa
peaknnoHHOM cMecH. VI3MeHsIsT HauallbHbIe KOHICHT AN
peareHToB, MOXKHO J00UTHCSI HAMOONBIIETO BBIXOJA TPO-
JYKTOB PEaKIN{, N3MEHUTh HHTEHCUBHOCTb TPOTEKAHUS
WM TIOBBICUTH 3KOHOMHUECKHE MOKa3aresn 3(h(heKTUBHO-
CTH TIpoLECCa.

MaremaTtudeckoe OMMCcaHNe U3MEHEHUS KOHIICHTPALUii
pearupyroIux BelecTB BO BpEMEHU MOKHO MPECTABUTh
B BHJIE€ CHCTEMbI OOBIKHOBEHHBIX TU(D(epeHInaTbHBIX
YPaBHEHHH, HaYaJIbHBIC YCIOBHS KOTOPOIl OMpEAEIsIoT
HayaJIbHBIN COCTaB pearupyroiei cmecu. Permenune nannoi
CHCTEMBI IIPEJICTaBIsIECT COOON pernIeHne npsiMoil KnHe-
THeckoil 3amaun. Ilyrem dhopmanmzanny 3amaqu mMouckKa
HavaJbHBIX KOHIIEHTPAIUH XUMHUECKOH PEaKInu MOXKHO
Ha OCHOBE €€ KMHETHYECKON MOJEIH ONpPENeIIUTh ONTH-
MaJbHOE COOTHOIIEHHE PETEHTOB, HE MpHOeras K MpoBe-
JICHHUI0O MHOTOKPAaTHBIX JTa0OPaTOPHBIX SKCIIEPUMEHTOB,
4TO CyHICCTBECHHO SKOHOMUT MAaTCPUATIbHBIC U BDEMCHHbBIC
pecypchl HCClle10BaTels.

3aja4ya onpeaeIeHus] ONTUMAIBHBIX HAuaJIbHBIX KOH-
LEHTPALH peareHTOB UMEeT Psii 0COOEHHOCTEHA.

HenuneliHocTh Moje U IMHAMHUKH Npouecca, 00y-
CJI0BJIEHHAS IKCIOHEHIHAJIbHOI 3aBUCHMOCTbIO KOH-
CTAHT CKOPOCTeii 0T TeMnepaTypbl, OTPAaHUINBACT MIPHU-
MEHHMOCTh HEKOTOPBIX METOIOB ONTHMH3AIINH, HATIPUMED,
JUHEWHOTO TTporpaMMupoBanus [3, 4, 9].

Hajinyue npoMe:KyTOUHBIX BelleCTB MPUBOIUT K
YBEJIMUYCHHUIO Pa3MEPHOCTH CHCTEMbI MU depeHIraib-
HBbIX yPaBHEHUH, ONKCHIBAIOIIEH IPOTEKaHUE MpoLecca,
MTOCKOJIBKY KOJMYECTBO YPABHEHHUII MOJIENH 3aaeTcs KO-
JIMYECTBOM BEIIECTB PEAKIIMOHHOM cMecH. DTO co3aaeT
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YyCneHHbIM anropmuTM NoOMCKa ONTMMasibHOro COCTaBa pearmpyoLeri CMecrHa OCHOBE KMHETUYECKOM MOAENN peakLmn

TPYAHOCTH B MPUMEHEHWU METO/a TUHAMUYECKOTO Mpo-
rpaMMUPOBaHUS BBUY PECYPCOEMKHX BbIUMCIECHUI [5—7].

Hannune orpaHnyeHnii Ha 3HAYCHUS] HAYAJIbHBIX
KOHIIEHTPALHMI BelecTB BEACT K MPUMCHCHHIO YHCIICH-
HBIX METOZIOB ITOMCKA YCIOBHOTO YKCTPEMyMa.

Hannyue orpaHuyeHnsi HA HAYAJIBHYI0O CYMMAPHYIO
KOHLEHTPALMIO BellecTB. B nporiecce nmoncka HavaIbHBIX
KOHILIEHTPAINil HEOOXOANMO KOHTPOJIUPOBATH BBIXOJ UX
CYMMBI 32 TIPEJCTIbI 3aJaHHOTO 3HAYCHUSI.

B paborte [10] npuBeneH airoput™ pacdera OnTUMAaIb-
HBIX Ha4aJIbHbIX KOHLIEHTPAMI BEIIECTB XUMHUUECKHX pe-
aKIMii Ha OCHOBE IBPUCTHUYECKOTO METO/A HCKYCCTBEHHBIX
HMMYHHBIX cucTeM. OTHaKO HEOCTATKOM JAAHHOTO ajro-
pHUTMa SBISIETCS] OTCYTCTBHE dTara NPOBEPKH BIITOIHEHUS
YCIIOBHUSI PABEHCTBA CYMMBI PacCYMUTAHHBIX HauyaJbHBIX
KOHIICHTPAIMH 3aJJaHHOMY 3HAYCHHIO. AJITOPUTM TIpH-
MEHHM TOJIBKO JUISl peaknuii, B KOTOPBIX COEPKATCs /1B
HCXOJIHBIX BEIIECTBA, TOT/A KaK B OOJBIINHCTBE CITydacB
CJIOKHBIE XUMHUYECKUE MTPEBPAIICHUS BKJIIOYAIOT B ceOs
TpH U 60JIee NCXOTHBIX BEIIECTB.

Iens HacTosmiel paboThl — pa3paboTKa YUCICHHOTO
AITOPUTMA OTIPEICNICHNS ONTUMAJIFHOTO COCTaBa CIIOKHOM
KaTaJIUTHYECKON PeaKIlNy, COCTOAIIeH U3 Tpex u Ooiee
BEIECTB. ANITOPUTM JOJKEH YUUTHIBATh MIEPEUNCICHHbIC
($u3MKo-XxMMHUYecKne 0ocoOeHHOCTH 3anaun. Jis yuyera
OrpaHMYEHUH, HAKIIa/(bIBAEMbIX HA 3HAUCHMs HauyaJIbHBIX
KOHIICHTPAIM{ BELIECTB M HA MX CyMMAapHYIO KOHIICHTpa-
LU0 TTPE/IOKEHO IPUMEHUTH MeToyt mrpados [11-15], xo-
TOPBIH TIO3BOJISIET TIEPEITH K 3a/1a4€ TIOMCKa O€3yCIIOBHOTO
9KCTPEMyMa, a 3aTeM PEIINTh 3a7ady 0e3 OorpaHHUYCHUH C
moMoIIEI0 MeTona Xyka—Jlxusca [16-20].

IMocTanoBka 3agaun

[lycTh MeXaHU3M CH0KHON XUMUYECKON peak1U Ipesi-
CTaBJICH M CTAIUAMHU

n n
20X = Y BeXp s =1, m, (1)
-1 -1

rae X; — BEIIeCTBa, yUacTBYIOIINE B PEAKINH; O, Py —
cTeXxnoMeTpuyeckue K03 (HUINEHThI BEIECTB.

Onuiiem 1MHAMHUKY KOHLIEHTpaLuil BemecTs X; peak-
uu (1) cucremoit nuddepeHmanbHbIX ypaBHEHUH BHIA:
dx; m o —

= zYsiwsﬂ 1= 19 n, (2)
dt =1

C Ha4YaJIbHBIMU YCJIOBHUAMU

x/(0) =x?, 3)

T7Ie X; — KOHIIeHTpaIys i-To BemecTna; ¢ € [0, 1;] — Bpe-
MS PeaKUuu; Y, = P;g — O3 Wy — CKOPOCTB §-i CTajuu
PCaKIUH.

CKOpPOCTh CTaUH OIPEICIUM COIIACHO 3aKOHY JCH-
CTBYIOIIIUX Macc:

wi(x, T) =ks(nf11x,-%, @)

rae X = (X, X, ..., X,,) — BEKTOp KOHLIEHTPALUIl BELIECTB;
T — temneparypa peakuuy; k(7) — KOHCTaHTa CKOPOCTU

s-# ctaauu peakuuu (1), paccuuTbiBaeMasi 0 ypaBHEHHIO
Appennyca:

0 E;
kv(T) = ks exp 75 ,s=1,m, (5)

rue kS0 — NPEIdKCIIOHEHIUAIbHBI MHOXKHUTENb; £ —
SHEpPrus akTUBALMU S-U CTaquu; R — yHUBEpcalbHas ra-
30Bast MOCTOSTHHAS.

IlycTh 3HaUEHUS KOHLIEHTPALUN BELIECTB BBIPAKEHBI
B MOJBHBIX A0isX. Torna B HayalbHbBIM MOMEHT BPEMEHH
OyIeT BBIIOJIHEHO COOTHOIICHUE

ix?: 1. (6)

IIpu TOM CyIIECTBYIOT CIIEAYIOIIME OFPAaHUYEHUS Ha
3HAYECHUS HAYaJIbHBIX KOHICHTPAINH BEIIECTB!

0<x%<l,i=1,n 7)
PaccmoTpuM 3amady onTuMu3anun GyHKINH BHA:
F(x%) = o(x(1))), (3)

rae ¢(x(¢)) — HenpepbBHO-TU(depenuupyemas GyHk-
1ust; X(¢;) — BEKTOp KOHLIEHTPAIUI BEIIECTB B KOHIIE
peakLuu.

3aj1a4a ONTHMH3ALMU Ha4alIbHBIX KOHIIEHTpAIUii KaTa-
JUTHYECKOH peakiuu (1) 3akiodaeTcs B OMCKE BEKTOpa
HayaJbHBIX KOHLEHTpauui BemecTs X0 = (x?, xg, e x,?),
TIPH KOTOPOM, C y4eToM ycioBuit (6), (7), dyHkmus (8)
JOCTUTHET MUHUMAJILHOTO 3HAYEHHUS.

AJIFOpl/ITM NMOMCKA ONITUMAJIBHOI'0 HAYAJIBHOT'0
cocTraBa peaxunonnofz’l CMeCH

3aja4a ONTUMH3AINNU HAYAIbHBIX KOHIICHTPALIH
(1)—(8) sBnsieTcs 3amaveil MOUCKa YCIOBHOTO SKCTPEMY-
Ma QyHKINH (8), TOCKONBEKY UMeroTcs ycnoBus (6), (7),
OrpaHMYHMBAIOLINE 00NACTh TOKMCKa pemenus. Vcxomns u3
ATOTO, MPUMEHUM METO/I IITPAOB, MO3BOJISIONIHI CBECTH
c(hopMyITHPOBaHHYIO 3a/1auy K 3aa4e 0e3 OrpaHHYCHHH.

PaccMoTpuM BcriomMorarenbHy o (GyHKIHIO

G(x9) = F(x9) + J(x9, ¢g¥) — min, ©)

e J(x0, gk) — dynkuus wrpados; gF — napamerp nrrpa-
(ha; k — HOMEp WTEepanuu.

3navenue Qpynkuuu mrpapos J(x0, ¢*) pasuo Hyr0,
ecnu orpanndenus (6), (7) BBIMOMHSIOTCA. B mpoTuBHOM
ciydae J(x0, g%) > 0. Eciu orpannuenus (6), (7) HapyIIeHEI
1 gk — oo ipu k — o0, To pynkms mrpados J(x0, gh) — oo
npu k — oo.

BBeznem B paccmoTpenne GyHKIHH:

n 0 . R
Sx0)=1- >xp, Pi(XO) =, g(x)=x0~1,i=1,n
i=1

Torna ycnosus (6), (7) 3anuiieM B cIeayIOIEM BUJIE:
Ax9) =0, p(x9) <0, g(x0)<0,i=1, n.

Ilnst orpannuenus tuna paseHcts f{x0) = 0 npuMeHuM
KBaJlpaTHuHbIi mrpad, a s trna HepaBeHeTs p,(x0) <0,
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gi(x9) <0, 7= 1, n ucnone3yem KBaapar cpe3ku. B pesyiib-
tare noiayyuM QyHkiuio mrpados aist 3anaun (1)—(8) B
BHUJIE!

5 ) = Lo+ X (max (0, pxO}  +

n
+ 3 (max {0, g(:O}12). (10)
i=1

Just pewenus 3agaun ontumuszanuu (1)—(5), (10)
0e3 orpaHHYCHHI TpUMEHHM MeTon Xyka—/lxusca.
[Iponenypa moucka pemeHns ONTUMHU3AIMOHHON 3a/1a91
C TTOMOIIBIO JAHHOTO METO/A BKJIIOYAET B ce0s [Ba HTamna:
HCCIEAYIONTUH TTONCK U YCKOPSIIOMINHA MOWMCK TT0 00pa3-
1y [17]. HaiineHHbII BeKTOp HaYaNbHBIX KOHIIEHTPAUN
x0 = (x?, xg, ey x,(,)), pu KOTopoM GyHKIws (9) mprUHUMAET
HaMMEHBIIIee 3HAUCHHE, ABJISIETCS HAaYaIbHBIM IS CIEdy-
IOIIeH nTepaluu MeToa mTpados.

[lepeuricnum 1mary ajaropuT™a orpeieIeHNus ONTUMAab-
HBIX Ha4YaJbHBIX KOHICHTPAIIMH XUMUYECKON PeaKInHy.

Hlar 1. 3apare napameTps! Uit MeToaa mrpados: HO-
Mep TeKyIei urepanuu k = 0, HadabHOE 3HAYCHHE LITPa-
ba ¢°, napamerp 1715 yBenudenus mwrpada r (PEKOMEHIyET-
cst BbIOpath uncio ot 4 1o 10 [17]), korcranty g > 0 s
OKOHYaHHs PabOTHI AJITOPUTMA.

[ar 2. 3agats mapaMeTpsl MeToxa Xyka—J/[kuBca: Ha-
YaTBHBINH BEKTOP KOHIEHTpammii XJ = (X3, X0, ..., x,);
BEJINUHMHBI [I1ar0B TI0 KOOPJMHATHBIM HAINPaBICHUSIM /1, hy,
..., h,; XoHCTaHTy €, > 0 U1 OKOHYaHUs pabOTHI METONA
Xyxka—Jlxusca (h; > €5, i = 1, n); yCKOPAIOIUI MHOKUTEIb
A > 0; mapameTp yMEHbIIECHUS 11ara p.

[ar 3. ITpuHATH, UTO y = xko . YCTaHOBUTH HOMEp Te-
KyIlell KOOpAMHATHI BEKTOpa HaYalbHBIX KOHIICHTPALNi
paBHbIM 1:i=1.

[ar 4. Pemnth NpsiMyt0 KHHETUYECKYIO 3aJjady C Ha-
qaTbHEIMI yeroBuaME X = (x{), X0, ..., x2,). Beraucmuts
3HAYEHUE [1eIeBOH (PyHKINN G(x,?).

IIar 5. PemnTh npsiMyto KUHETHYECKYIO 3a/1ady C Ha-
YATTBHBIME YCIOBHAME Xpy = (XU, s Xpo + hjy ooy X)),
BbI4nc/IUTh 3HAYCHUE IIETICBON (PYHKIHH G(x,&).

lar 6. ITpoBepuTts, ABNISIETCS JIU AT /; ynaunbiM. Ecin
G(X/&) < G(x,?), TO TIOJIOKHTh x,? = x;.0 u mepeiitn K mary
10. MHaue nepeiitu k mary 7.

[ar 7. Pemuts mpsiMyr0 KMHETHUYECKYIO 3a/a4y C Ha-
YaNBHBIMK YCTOBHAMH Xp = (X9, ..., X0 — Ay ..., x2).
Boruncnuts 3HaueHne GpyHKIUH G(x,?_).

[lar 8. [IpoBeputs ycloBue, ABIETCA JIM LIar 4; yaad-
HBIM B TIPOTHBOTIONOKHOM Hanpasienun. Ecim G(xf ) <
< G(x}), 1o monoxute X = X u nepeiitn k mary 10.
Wnaue mepelty K mary 9.

Hlar 9. Ecnu mar /; HeynauHbli B 000MX HalpaBiIcHH-
SIX, TO OCTABHTH BEKTOP HAYANHBIX KOHIEHTpaIHii X, 6e3
WU3MEHEHUH.

[ar 10. Ecnu paccMOTpeHbI Bce KOOPIUHATHI (i = 11) TO
MIPOBEPUTH, SIBJIAETCS JIU UCCIEAYIOUINH MOUCK yIauHbIM.
Ecnn G(x,?) < G(y), T. €. IPOU30IILIO0 YMEHBIICHNE 3HaUe-
HUS 1IeJIeBOH (DYHKIIMH, TO UCCIIECAYIOMINIT TOMCK MPOIIEs
yCHEIIHO, U cleayeT nepeitu k mary 11. B nporusHOM
ciyvae nepeiTu k mary 12.

[ar 11. ITpoBecTn ouck mo obpasiry. [IpuHATH, 9TO
zZ= x,?, x{ =z + Mz — y) u nepeiitn K mary 3.

ar 12. IIpoBepuTh ycioBre OKOHUAHHS pabOTHI aji-
roput™a Metona Xyka—/lxusca. Ecnu st Becex i (i = 1, n)
BBINOJIHEHO HEPABEHCTBO

h;<e, (11)

TO MepelTH K mary 13. B mpoTHBHOM ciiyyae yMEHBIINTh
i )
3HAUCHHUE 1Iara /; = — IS TeX I, A7sl KOTOPBIX HE BBIIOJ-

HeHo HepaBeHcTBO (11), n mepeiiTn k mary 3.

[ar 13. IIpoBepuTh yCIOBHE OKOHYAHUS TIOMCKA pe-
menus. Ecimu J(x0, ¢F) > €, To onpenenuts ghtl = rgk,
k=k+ 1 u nepeliti x mary 3. llHaue 0CTaHOBUTH TIOMCK
peuienus. B xauecTBe penieHus 3a1a4u ONpeielieHHs OIl-
TUMAJIbHBIX Ha4aJIbHbIX KOHL[CHTpaIlI/Iﬁ pCaKkuuu NpuHATH
nocyeHuii BEKTOP X .

BprunciauTe/bHbIH 3KCIIEPUMEHT

Vcnionb3yst peuIoKeHHBIN B paszene « AITOPUTM TI0-
MCKa ONTHMAJBHOTO HAYaJIbHOI'O COCTaBa PEAKIIMOHHOM
CMECH» aJITOPUTM, BBIYMCINM ONTHMAaJIbHbIC Ha4YaJIbHbIC
KOHLIEHTPALIMU PEAreHTOB Ul PEaKIIMH aMHUHOMETHIIH-
POBaHMUS THOJIOB C IIOMOIIBIO TETPaAMETHIMETaHJHaMHIHA.
DKCIIeprMeHTaJIbHBIE UCCIISA0BAHNS JaHHON PEAKIH TIPO-
Be/IeHBI B Y PUMCKOM (heliepaibHOM HCCIIEI0BATEILCKOM
nentpe Poccuiickoii akanemun Hayk (PAH) B maboparopun
TeTepOATOMHBIX COSMHEHNH. MaTreMaTiHiecKkoe OIICaHne
PEaKIuy MOMyYeHO Ha OCHOBE SKCIIEPUMEHTAIBHBIX JaH-
HeIX B MHCTHTYTEe HedTrexumun u katamm3a PAH (r. Ypa)
B JIaDOPATOPUN MAaTeMaTHYECKOW XUMHUH.

Cxema peakiuy aMHUHOMETHIMPOBAHUS THOJIOB C T10-
MOIIIBIO TETPAMETWIMETAHIMAMUHA U COOTBETCTBYIOIIUE
ypaBHEHHsI CKOpocTel ctaanit uMmerot Bux [21]:

X)+ X, = Xy,
X3+ Xy — X, + X5+ X,
wi(x, ) = ky(T)xyx,
wy(x, T) = ky(T)x3xy,

(12)

e X; — Np(CHj)y; Xy — Sm; X5 — Ny(CHj)y [Sm];
X4 —HSCsH;; X5 — (CH;3),NSCsH;;; X — (CH;3),NH;
X = (xy, ..., X¢) — BEKTOpP KOHIIEHTPALH BEIECTB pPeakK-
muu (Mons/1); k = (ky, k») — BEKTOp KOHCTAaHT CKOpOCTeit
craauit (J1/(MoJIb-4)), PACCUMTHIBAEMBIX 110 YPABHEHHIO
Appenunyca.

JlMHaMUKy KOHIIGHTPALMii BEIECTB PEaKIInK aMHHOME-
THJIMPOBAHHS THOJIOB OIUILEM CHCTEMOH 0OBIKHOBEHHBIX
mudpepeHnaIbHbIX YPaBHCHUH:

dx1 dX4
_:7W19 _:7W29
dt dt
ax; + s (13)
— =—w; tw,, — =W,
dt ! ? dt :
dX3 dx6
—— =Wz — Wy, — =W,,
a " a7
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C Ha4YaJIbHBIMU YCJIOBHUAMU

x1(0) =x{, x,(0) = x3, x4(0) = x§, x,(0)=0,i=3, 5, 6. (14)

Kunernyeckue napaMmerpsl TaHHON peakiuy MpUBEe-
HBI B pabote [21].

VcxonHble BelecTBa Peakuu CUHTE3a aMUHOMETH-
nupoBaHus THOJOB: X, X,, X,. [IycTs KOHLIEHTpanuu
BEIIIECTB BBIP@KEHBI B MOJIbHBIX J0JsIX. Toraa OyayT BbI-
MIOJTHEHBI YCIOBUS:

0<x?<1,i=1,2,4, (15)

x)+x)+x)=1. (16)

HauanpHbIe KOHIIEHTPAIUH OCTANBHBIX BEIICCTB PABHEI
HYJTIO.

HaiineMm BeKTOp Ha4yaJbHBIX KOHLEHTpanui x0 =
= (x{, x, x9) Bemectn X;, X,, X, KOTOpHIil YIOBIETBOPSET
yeaosusaM (15), (16) n oGecrieunBaeT B KOHIIE peakIun
MaKCHMAaJIbHOE 3HAYCHUE KOHIIEHTPAIUHU MPOIYyKTa X!

F(x9) = x5(¢;) — max. (17)

Jlist perieHus MoCTaBICHHON 3a1a4M Ha sI3bIKE MPO-
rpammupoBanust Delphi Hanncana nporpamma, peann3syro-
mast pa3pabOTaHHBIN anropuT™. JIIs MoydeHus JucieH-
HOTO PELICHUsI IPSIMOI KWHETHYECKOH 3a/1aui IPUMEHEH
mero Pynre—KyTTel 4-ro nopska.

B xozne pewenust 3agaun (12)—(17) nmpoBenena cepust
BBIYHMCIIUTEIBHBIX SKCIIEPUMEHTOB JUIS PA3IMYHbIX 3HAUe-
HUH TeMIieparyp 1 pa3HOH MPOIOKUTEIEHOCTH PEaKIIUH
(Tabmn. 1). AnmropuT™ IpUMEHEH CO CIEeIYIOMNMH TTapamMe-
TpaMu: HadalIbHOE 3HadeHue mrpada ¢° = 1, napamerp s
yBenuueHus mrpada r = 10, Ha9aTbHBIH BEKTOP KOHIICH-
Tpammii x{ = (0, 0, 0), IIArH 10 KOOPIMHATHBIM HaIpaBJe-
HUSM h| = hy = hy = 0,1, yckopstomuii MHOXHUTENb A = 1,
napaMeTp YMEHBIIEHHUS 11ara p = 2, mapameTpsl 3aBeplie-
HUSI BBIYUCIICHUH & = &, = 1074,

W3 taba. 1 BUAHO, YTO C YBEJIUYCHHEM BPEMCHH pe-
AKIIMM MOBBIIIACTCS 3HAUCHHE KOHIIGHTPAIUHU 11eJIEBOTO
IPOIYKTA X5, YTO CBSA3aHO C yBEIMYCHUEM BPEMEHU KOH-
TaKTHpOBaHUs peareHTOB. C MOBBIILICHUEM TeMIepaTyphbl
3HaYEHHE KOHLEHTPALUH X5 B KOHIE PEaKI[UU TAKXKe BO3-
pacTaer, Tak Kak IOBBIIIACTCS MHTEHCUBHOCTh XUMHUUC-
CKHX IPEBPAIICHUH.

JvHaMKKa KOHLEHTpALUK LEIEBOro BELIECTBA X5 [IPU
HaMJICHHBIX HAYaJIbHBIX KOHIIEHTPAINAX [TOKa3aHa Ha PHU-
CYHKE.

PemuM npsiMmyro KHHETHUYECKYIO 3aJady IpU JIPyrux
HavallbHBIX KOHIIEHTpaIUsAx peareHToB (tabm. 2). Ha oc-
HOBaHHHM TIOJIyYSHHBIX PACYE€TOB BHJIHO, YTO HaiJICHHbIC
C TIOMOIIIbIO aNTOPUTMAa HayaJbHbIC KOHLEHTPALUU HUC-
XOJIHBIX BEILECTB 00ECNeynBaOT HANOOIIbIIee 3HAYCHUE
KOHIIEHTPALIMH LIEJIEBOr0 MIPOLYKTa peakluH Xs, YTO CBU-
JIETEJILCTBYET O KOPPEKTHOU paboTe anropurma.

Ta6ﬂuz¢a 1. PeSyJ’ILTaTLI peuieHus 3a/ia4u MOUCKa ONTUMAJIbHBIX Ha4aJIbHbIX KOHIIeHTpaHI/Iﬁ p€akuu aMUHOMETUIIMPOBAHUSA TUOJIOB,
MOJIbHAsA 10JIs

Table 1. Results of solving the problem of finding the optimal initial concentrations of the reaction of aminomethylation of thiols,
mole fraction

T, K tl’ q xi) xg x‘? x5(tl)
300 1 0,389 0,216 0,395 0,280
2 0,422 0,153 0,425 0,358
130 1 0,456 0,076 0,468 0,430
2 0,474 0,046 0,480 0,459
a b
1
1
J 0,41
0,4 5
= =
= =
CEE 2 g
g g
0 %
S 0,21 S 0.2
= =
o £
0,0 T T O)O T T
0,0 0,5 1,0 0,0 1,0 2,0
1,4 t,u

Pucynox. lnHaMuKa KOHIEHTPALUH X5 A7 ¢;: 1 9 (a) u 2 1 (b) mpu Temmeparypax 330 K (kpusas /) n 300 K (kpusas 2)

Figure. Dynamics of x5 concentration #,: 1 hour («) and 2 hour (b) at temperatures 330 K (curve /) and 300 K (curve 2)
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Ta6/lu14a 2. 3Ha4YeHHE KOHIICHTpAUHH X5 IIPHA Pa3JIMIHBIX HaGOan HavdaJIbHbIX KOHHCHTpaLII/Iﬁ HUCXOAHBIX BCUICCTB, MOJIbHAsA J0JIsA

Table 2. The value of the concentration x5 for different sets of initial concentrations of the starting substances, mole fraction

T,K t, 4 x} x5 x4 xs(11)
0,389 0,216 0,395 0,280

0,400 0,200 0,400 0,279

0,300 0,200 0,500 0,252

1 0,500 0,200 0,300 0,249

0,500 0,100 0,400 0,222

0,400 0,100 0,500 0,225

0,450 0,100 0,450 0,227

300 0,422 0,153 0,425 0,358
0,400 0,200 0,400 0,351

0,300 0,200 0,500 0,296

2 0,500 0,200 0,300 0,295

0,500 0,100 0,400 0,329

0,400 0,100 0,500 0,332

0,450 0,100 0,450 0,339

0,456 0,076 0,468 0,430

0,400 0,200 0,400 0,381

0,300 0,200 0,500 0,300

1 0,500 0,200 0,300 0,300

0,500 0,100 0,400 0,396

0,400 0,100 0,500 0,399

0,450 0,100 0,450 0,425

30 0,474 0,046 0,480 0,459
0,400 0,200 0,400 0,391

0,300 0,200 0,500 0,300

2 0,500 0,200 0,300 0,300

0,500 0,100 0,400 0,400

0,400 0,100 0,500 0,400

0,450 0,100 0,450 0,439

3aki104eHne aKIH, COCTOSIIMX U3 OOJIBIIOrO KOMMYECTBA HAdaIbHBIX

Pa3paboTaHHBIN YHCIEHHBIA aITOPUTM MOXKET OBITH
HCIIOJIB30BaH JUIsl OTIPEACICHHUS] ONTHUMAJIbHBIX Hadallb-
HBIX KOHIIEHTPAIMH KaTaTUTHYECKUX PEaKIUi. ATTOPUTM
OCHOBaH Ha MPUMEHEHHH MeTo/ia ITpadoB, C MOMOIIBIO
KOTOPOTO OCYIIECTBJICH IMEepexo]l K 3aj1ade 0e3 orpaHuye-
HUH, u Merona Xyka—/[>KuBca JJIsl pelIeHUs 3a1auu 0e3-
YCJIOBHOHM ONTHUMH3ALUU. AJITOPUTM YUHUTBHIBACT TaKHe
0COOCHHOCTH 3a/1a4M, KaK HaJIMYMe OrpaHIYCHUI Ha 3Ha-
YeHUsT HauaJIbHBIX KOHIICHTPAIN BEIIECTB U OTPaHUUCHUS
Ha HaYaJIbHYI0 CYMMapHYIO KOHIIEHTPALIUIO BEIIECTB. JTO
TIO3BOJISIET TIPUMEHSITB €TI0 [UISl CIIOKHBIX XUMHIECKUX pe-

1 TPOMEKYTOYHBIX BEIIECTB.

[IpoBeneH BBIUNCIUTENBHBIN SKCIIEPUMEHT IS pe-
AKLIUU aMUHOMETHJIMPOBAHUS THOJIOB C ITOMOIIBIO Te-
TpamMeTHiaMeTaHIuaMuHa. OnpeesieHbl ONTHMAIbHbIC
HavaJbHbIe KOHICHTPAIUY PEarceHTOB IS PeakIuH Ipo-
JOJDKATEIBFHOCTRIO | M 2 "aca mpH pa3HBIX 3HAUYCHHSIX
Temreparypbl. CpaBHEHHE MOJYYCHHBIX 3HAYSHUI KOH-
HEHTPAIMH [EJICBOTO MPOYKTa PEaKIni CO 3HAYCHHUSIMHU,
BBIYUCJICHHBIMU NIPHU APYTUX HAYAJIbHBIX KOHLICHTPAILUAX,
MI0Ka3aJI0, YTO PACCUMTAHHBIC C IIOMOILBIO aITOPUTMA Ha-
0OpBI HAYATBHBIX KOHIICHTPALIUHA PEareHTOB 00ECIICUNBAIOT
JIOCTHYKEHHE HanOOJIbIIEr0 3HAUCHNS KOHLIEHTPALMH LieJie-
BOTO MMPOJIYKTa PEAKIIUH.
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Abstract

We report the ZnO/ZnS and ZnO/ZnSe nanocomposites synthesized using the solvothermal-microwave method. Raman
analysis was thoroughly studied to explain phonon vibration mode in this paper. The strong intensity confirms the high-
frequency phonon mode of hexagonal wurtzite ZnO. Also, the presence of Raman intensity of the cubic ZnS and ZnSe
structures indicates the longitudinal optical phonon mode. In addition, we find several slight shifts in all ZnO modes
for ZnO/ZnS and ZnO/ZnSe which demonstrate stress and strain in the crystal lattice. We investigate the change in
particle size from confocal Raman microscopy. Therefore, the modifications to the material structure and particle size
have enhanced its characteristics. Accordingly, the nanocomposite heterostructures by the simple chemical method are
attractive materials suitable for optoelectronic devices.

Keywords
heterostructures, phonon vibration mode, Raman, solvothermal-microwave, wurtzite
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AHHOTAIUA

Ipencrasnensr HaHokoMIT03uThl ZnO/ZnS u ZnO/ZnSe, cHHTE3MPOBaHHBIE COIIBBOTEPMO-MHUKPOBOITHOBBIM METOIOM.
Jlnst 0OBsicHeHMs pekuMa (POHOHHBIX KOJIeOAHM TPUMEHEH METO/I pPAMaHOBCKOM criekTpockonuu. [lonydeHHast BbICOKast
HMHTEHCHBHOCTh PAMaHOBCKOTO PACCEsHHS MOATBEP/IMIIA BEICOKOYACTOTHYIO (DOHOHHYIO MOJy IT€KCArOHAJIBHOTO BIOPLIUTA
Zn0O. Hannune MHTEHCUBHOTO KOMOWHALIMOHHOTO PACCESHHUS CBeTa KyOMIeCcKuX CTPYKTYp ZnS u ZnSe CBHIACTENbCTBYET
0 CyIIECTBOBAHUH MTPOIOIBHON ONTHYECKOH (HPOHOHHON Mozbl. OOHapyKeHbI HEOOMBIINE CIBUTH BO Bcex Monax ZnO
st ZnO/ZnS u ZnO/ZnSe, KOTOpbIE YKa3bIBAIOT HA HAMYNE HATIPSLKCHUS U 1e(hOpManiy B KPUCTATUTYECCKOHN PEIIeTKe.
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Y. Rati, A.S. Rini, A.U. Akrajas, M. Agustin

WccnenoBanbl U3MEHEHUSI pa3MeE€pa JacTuil ¢ NOMOIIbIO KOH(bOKaJ'IBHOﬁ paMaHOBCKOﬁ MHUKPOCKOIIHNH. Hoxa3aHo,
4TO U3MEHEHUsS CTPYKTYPbI U PasMEpPOB YaCTHUL] MaTe€pUaja YIYyUIIUIN €T0 XapaKTCPUCTUKHU. HO}ITBep)K)leHO, 4qTo
HAHOKOMITO3UTHBIE I'€TEPOCTPYKTYPHI, MOJYUEHHBIC NIPOCTBIM XUMUYECKUM METOAOM, IPUMEHUMBI AJI CO3JaHUA

OIITOZNIEKTPOHHBIX YCTPOIHCTB.

KuioueBble ciioBa

TeTepOCTPYKTYpHI, (POHOHHAS MOfia KoseOaHMi, KOMOWHAIIMOHHOE PACCEsTHUE CBETa, COMbBOTEPMO-MHKPOBOIHOBBIN

CHHTE3, BOPUUT

Ccebliaka aaa uutupoBanus: Paru U., Punn A.C., Akpamkac A.Y., Aryctun M. PamaHOBCKasi CIIEKTPOCKOHS
HaHOKOMNO3uTOB ZnO/ZnS n ZnO/ZnSe, MOITy4YCHHBIX METOIOM COJIEBOTEPMUYECKOTO MUKPOBOJIIHOBOTO CHHTE3a //
Hay4no-TexHH4Yecknii BeCTHUK HHPOPMAITHOHHBIX TeXHOJIOrnif, Mexanuku u ontuku. 2023. T. 23, Ne 6. C. 1136-1142
(Ha a1 513.). doi: 10.17586/2226-1494-2023-23-6-1136-1142

Introduction

Zinc oxide (ZnO) is a widely researched semiconductor
material due to its outstanding electronic, optical, and
structural features. It recently also gets more attention in
several applications, especially in the electronics industry.
At room temperature, ZnO in a hexagonal wurtzite structure
(for hexagonal structure, lattice parameters a, b, and ¢ are
the lengths between two points on the corners of a unit
cell: @ =b=0.3296 nm and ¢ = 0.5206 nm) has a wide
band gap energy (direct) of 3.37 eV and a large exciton
binding energy of 60 meV [1]. ZnO is a versatile material
due to its high chemical and thermal durability, enormous
surface area, excellent photoelectric, UV-sensitive, and
good compatibility [2]. So, it is used for optoelectronic
devices such as sensors [3], light-emitting diodes [4], and
photocatalysts [5].

Covering ZnO with other semiconductors in the
form of core-shell structure can enhance its structural
and optical properties. Moreover, it can upgrade ZnO
performance for broader applications. Zinc sulfide (ZnS)
is a semiconducting material with a broad energy band gap
of 3.80 eV in hexagonal wurtzite and 3.68 ¢V in cubic zinc
blende phase [6]. The large absorption spectrum makes it
a suitable candidate for sensors and electroluminescence
devices [7]. On the other hand, the zinc selenide
(ZnSe) semiconductor has a lower band gap energy of
2.86-2.94 eV than the ZnO [8]. ZnSe also has higher
conductivity than ZnO and is sensitive in a wide visible
spectrum, so it is commonly applied for optoelectronic and
photoelectric devices [9].

A nanocomposite is a mixture of two or several materials
at a nanometer size scale. Baranowska et al. [10] reported
that coating ZnO with ZnS (ZnO/ZnS) nanocomposites
has enhanced its environmental stability and improved the
electrical properties of ZnO thin films. Khan et al. [11]
synthesized ZnO/ZnS hybrid by wet chemical method and
found that the composites produced a synergetic effect to
decompose dye efficiency in photocatalytic application
due to reduced charge recombination and a rise in intrinsic
oxygen vacancies. Incorporating the ZnS layer on ZnO/
perovskite also demonstrates rapid electron transfer and
reduces the interfacial recombination, hence enhancing the
solar cell performance. It also attributed to sulfide which
has strong surface interaction with Pb2" resulting in novel
electron transport route [12]. Visible light photocatalysis
of porous ZnO/ZnSe that was prepared by microwave-
assisted hydrothermal method recorded a high activity
properties [13]. Kamruzzaman and Zapien [14] reported

that core-shell ZnO/ZnSe nanowires realized high-
performance solar cells. It is due to high absorption with a
low band gap (1.90 eV) as well as reducing surface defects
that marked by decreased Raman intensity of ZnO. All of
this performance depends on the optical properties of the
material. One of them is studied on interactions in crystal
lattice vibrations related to optical vibration modes.

In this paper, we report the solvothermal-microwave
synthesis of ZnO/ZnS and ZnO/ZnSe nanocomposites and
investigate their optical and structural characteristic by the
Raman spectroscopy analysis. The microwave-solvothermal
method has been widely reported as an effective method for
semiconducting oxide nanostructures synthesis [15]. This
approach has low energy consumption, fast reaction, good
quality crystal product, and simple method. We carried out
a Raman analysis to study the structural properties of the
nanocomposites of ZnO/ZnS and ZnO/ZnSe synthesized by
this route. Raman spectroscopy is one of the most versatile
techniques for material characterization. It provides
information on the crystal lattice structure and defects
that can be known through the optical vibration mode of
Raman spectra. We identified the cubic phase of ZnS and
ZnSe on the Raman spectrum of ZnO/ZnS and ZnO/ZnSe.
Additionally, a slight shift of the wurtzite ZnO optical mode
indicates the stress and strain effects of the crystal lattice,
which reveals that structural alteration has occurred due to
the coating process.

Materials and methods

Materials

The Flourine Tin Oxide (FTO) substrates (purchased
from the Kaivo instrument, China) were used throughout
this work. Analytical reagents, including zinc acetate
dihydrate (Zn(CH;COO),-2H,0), zinc nitrate hexahydrate
(Zn(NOs),'6H,0), and hexamethylenetetramine (C4H;,N)
were purchased from Sigma Aldrich, USA. Other
chemicals, such as sodium sulfide (Na,S), sulfur (S),
selenium (Se), sodium borohydride (NaBH,), and 99 %
ethanol (C,HsOH) were acquired from R&M Chemicals,
Malaysia. Deionized (DI) water originated from the Mili-Q
water purification system (approximately 18.2 MQ).

Synthesis of pristine ZnO

First, 10 mM of Zn(CH;COO),2H,0 was diluted in
ethanol as seed solution. ZnO seeds are prepared via spin
coating seed solution at 3000 rpm and thermal annealing
(300 °C) processes on the FTO substrate. Furthermore,
pristine ZnO was grown on ZnO seeds by the solvothermal
method. 100 mM aqueous solution of Zn(NO;),-6H,0
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and C¢H;,N,4 (equimolar) was reacted in vial. Then, it was
heated at 90 °C for 3 h. The sample obtained was cleaned
from residual molecules using DI water.

Route of nanocomposites ZnO/ZnS and ZnO/ZnSe

The synthesis of ZnO/ZnS and ZnO/ZnSe
nanocomposites ZnO/ZnS and ZnO/ZnSe were carried
out by microwave heating. Pristine ZnO was immersed in
growth solution and reacted with 2 ml of Na,S, NaBH, + S,
and NaBH, + Se (equimolar) in different vials. NaBH, acts
as a reducing agent to S or Se solution. The three samples
were named ZnO/Na,S, ZnO/NBS, and ZnO/NBSe. Each
sample was irradiated at power 360 W for 20 s using a
microwave oven. Finally, the nanocomposite samples were
rinsed in DI water, flushed with nitrogen, and annealed at
300 °C for 1 h using a tube furnace.

Characterization

Raman spectra were performed at ambient condition
using a Confocal Raman Microscopy (CRM 200 WiTec)
with charged-coupled device (CCD) camera. An excitation
source of 532 nm (Argon ion laser) and power 10 mW were
used for recording the spectra. The limit spectral range used
was 150-650 cm~! with a typical resolution of 1.9 cm~!
and was focused into a spot size of about 10 pm diameter.

Results and discussion

Raman spectrum at room temperature conditions of
ZnO nanocomposites in the range of 150-650 cm! is
shown in Fig. 1. Raman spectroscopy is an effective way
to study crystal structure, lattice and defect of films surface
by analyzing the phonon frequency of the Raman peak.
Raman peaks of pristine ZnO by solvothermal route appear
at the frequencies 333, 382, 417424, 438, and 574 cm™!,
which are assigned as E,High — £,Low 4,(TO), E,(TO), E,H,
and £,(LO) modes, respectively. It is a characteristic of the
fundamental optical mode (I'opt) from the Brillouin zone
consisting of the longitudinal optic (LO) and transverse
optic (TO) of ZnO with Cg, (P63mc) point group symmetry
[16].

The strong peak E,H (high-frequency phonons) at
438 cm~! demonstrates the fingerprint of the hexagonal
wurtzite structure ZnO with good crystallinity [17]. The
vibration of the heavy Zn sublattice and oxygen vibration
are linked with this non polar mode [18]. It has a relatively
higher intensity compared to others. Raman peak of pristine
ZnO is narrow and sharp. ZnO/Na,S displays a wide and
slightly shifted peak (4 cm™1) at 434 cm~1. It is due to the
relaxation stress (internal strain) of the intermolecular [19].
Raman peak frequencies of ZnO/NBS and ZnO/NBSe are
similar to pristine ZnO. However, the intensity is very low
in ZnO/NBSe. It is assumed that the ZnO structure of the
nanocomposite ZnO/ZnSe has changed.

The second-order Raman spectrum detected at 333 cm-!
in pristine ZnO is attributed to the phonon boundary zone
E,H-E,L, which is associated with multiphonon scattering
nonpolar mode [20]. Frequency shifts in ZnO/Na,S and
ZnO/NBS have occurred at 331 cm~! and 330 cm™!,
respectively. Raman peak of ZnO/NBSe remains constant,
although the intensity is barely apparent. The broad hump
between 560-610 cm~! exhibits the lattice vibrations
E(LO) mode within the pristine ZnO with a peak at

574 cm~1. E{(LO) mode refers to the characteristic of
randomly ZnO crystallite orientation on the substrate [21].
It occurs due to intrinsic defects, such as oxygen vacancies,
interstitial Zn, and the resonance effect in the ZnO crystal
lattice at the excitation wavelength [22]. A slight shift
occurs at 572 cm~! and 571 em~! for ZnO/Na,S and
ZnO/NBS, respectively. This vibration mode was not found
in ZnO/NBSe because of the broadening effect of this peak.
The E,(TO) mode from pristine ZnO is detected at
417 ecm! and 424 cm~!. On ZnO nanocomposites, this
Raman peak is not clearly seen. A small shift (3 cm!)
occurs in ZnO/NBS at 414 cm~! and 421 cm™1,
Furthermore, the lowest intensity is found at 382 cm™!
which represents 4;(TO) mode. The 4;(TO) mode of
ZnO/NBS and ZnO/NBSe shift toward a higher frequency
at 385 cm! and 393 cm!. This indicates to compressive
stress effect of the crystal lattice of heterostructural
materials. Moreover, it is due to interlayer attracting forces
being decreased [15]. On the other hand, the Raman peak
is not as apparent in the nanocomposite ZnS as well as
ZnSe. It is probably due to a change in the structure of the
nanocomposite there by weakening the intensity of this
mode. £, and 4, are polar of Raman and infrared active
because have LO and TO Raman frequency [20].
Additional mode at 343 cm~! in ZnO/Na,S and
342 cm~! in ZnO/NBS using solvothermal-microwave
synthesis is related to ZnS indicating 7,(LO) optical
mode. It is attributed to the first-order Raman frequency
characteristic of zinc blende (B-ZnS cubic) [10]. ZnS has
F43m (T,2) space group with a high frequency of single
LO phonon [23]. TO phonon (277 ¢cm~!) not observed in

ZnO/NBSe Aexe = 532 nm
Peye = 10 mW
SN
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Fig. 1. Raman scattering spectrum of ZnO, ZnO/Na,S,
ZnO/NBS, and ZnO/NBSe by solvothermal-microwave
synthesis. The wavelength of the excitation source is 532 nm,
and the power is 10 mW. The major peak is attributed to £,H
at 438 cm! from hexagonal wurtzite ZnO. A slightly shifted
of ZnO Raman peaks (blue text) is found for nanocomposite

samples. The ZnS (orange graph) and ZnSe (green graph) peaks
exhibit at 343 cm~! and 253 cm™!
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the Raman spectrum. The cubic structure revealed the low-
temperature phase, while hexagonal ZnS represented the
high-temperature phase. In a solid-liquid chemical process,
ZnO and Na,S were reported to create ZnS cubic with good
crystalline properties [24], which is seen from the high peak
of Raman frequency. So, the wurtzite structure of ZnO has
changed due to the presence of the zinc blende structure of
ZnS. On the other hand, ZnO/NBS reveals the low intensity
of the Raman peak of ZnS. It is due to NaBH, does not
optimally reduce sulfur powder. At ambient temperature,
sulfur is largely inert to sodium borohydride. To be well
reduced and have good dispersion, the molar ratio of
NaBH, to sulfur is used 15:1 [25]. Overall, the presence
of a ZnS confirms that the nanocomposite heterostructure
grown on ZnO was successfully synthesized. But, the
structure of ZnO/ZnS is still dominated by hexagonal
wurtzite because the major peak is found in the £, mode
of ZnO.

Raman spectra of ZnSe synthesized using the
microwave method are revealed at 199, 236, and
253 cm 1. The peak at 253 cm! is assigned to the first-
order LO phonon mode of zinc blende ZnSe crystal
[26]. The appearance of the LO phonon demonstrates
a good crystalline structure. An interesting strong peak
of ZnSe along with the low intensity of E,H mode ZnO
indicates a transformed structure. A similar condition has
been reported by ZnO/ZnSe nanowires [14]. In a neutral
solution, the reduction of Se by NaBH, provides distinct
outcomes compared to S. It is reported that can reduce Se
more effectively than sulfur [27]. The TO phonon mode
of ZnSe is observed at 199 cm-!. Se effect presence is

associated with a low strain in this mode [9]. Furthermore,
SO (surface optic) scattering which appears between LO
and TO frequency is assigned at 236 cm™!. It represents the
feature of small-size nanostructures [28]. Accordingly, in
this work, ZnO/ZnSe heterostructure has been confirmed
completely.

Fig. 2 exhibits the surface morphology of ZnO
nanocomposites using solvothermal-microwave synthesis
at a scale bar of 10 um using CCD camera integrated
with confocal Raman microscopy. The red box on this
figure reveals the spot area of the laser source (Ar ion,
A =532 nm). Pristine ZnO (Fig. 2, a) shows a uniform
nanorod shape and is clearly seen. The nanorod size
slightly increased in ZnO/Na,S (Fig. 2, b). Whereas in
ZnO/NBS (Fig. 2, ¢), the diameter nanorods are increasing.
Furthermore, the nanorods changed shape and decreased in
size in ZnO/NBSe (Fig. 2, d). Also, it appears orange with
large red-brown grains. It occurs because of NaBH, and
Se reacted in water to form a brownish-red solution. While
the reduction of NaBH, on S produces a white or slightly
yellow solution. It is not so obvious in ZnO/NBS image.
The surface morphology was more detail observed using
field emission scanning electron microscope analysis.

Overall, Raman spectra detected the existence of
phonon vibration modes for all samples. The vibrational
modes for ZnO, ZnS, and ZnSe observed confirm the
formation of ZnO/ZnS and ZnO/ZnSe nanocomposites by
the solvothermal-microwave method. The heterostructures
materials from polar semiconductor combination ZnO/ZnS
and ZnO/ZnSe can be potentially applied to the
optoelectronic device.

Fig. 2. Images recorded by CCD camera of confocal Raman microscopy in spot size 10 um of ZnO nanocomposites (the red box is
spot laser area using Ar ion with wavelength source at 532 nm). Pristine ZnO shows clustered forms of nanorods (a). Next,
ZnO/Na,S (b) and ZnO/NBS (c) exhibit size gradually increase in the nanorod. In ZnO/NBSe (d), it saw orange small nanorods and
brownish-red grains
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Raman spectroscopy of nanocomposites ZnO/ZnS and ZnO/ZnSe obtained...

Conclusion

Synthesis of nanocomposites ZnO/ZnS and ZnO/ZnSe
has been successfully carried out by the solvothermal-
microwave method. Raman analysis demonstrates
hexagonal wurtzite ZnO mode from the major peak at
438 cm! which identifies the E,H phonon. Other peaks
of ZnO were found at 333, 382, 417-424, and 574 cm™!
attributed E,H-E,L, 4,(TO), E{(TO), and E,(LO) modes.
These modes exhibit Raman frequency shifts in the
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Abstract

Social media contains a huge amount of data that is used by various organizations to study people’s emotions, thoughts
and opinions. Users often use emoticons and emojis in addition to words to express their opinions on a topic. Emotion
identification from text is no exception, but research in this area is still in its infancy. There are not many emotion
annotated corpora available today. The complexity of the annotation task and the resulting inconsistent human comments
are a challenge in developing emotion annotated corpora. Numerous studies have been carried out to solve these
problems. The proposed methods were unable to perform emotion classification in a simple and cost-effective manner.
To solve these problems, an efficient classification of emotions in recordings based on clustering is proposed. A dataset
of social media posts is pre-processed to remove unwanted elements and then clustered. Semantic and emotional features
are selected to improve classification efficiency. To reduce computation time and increase the efficiency of the system
for predicting the probability of emotions, the concept of data parallelism in the classifier is proposed. The proposed
model is tested using MATLAB software. The proposed model achieves 92 % accuracy on the annotated dataset and
94 % accuracy on the WASSA-2017 dataset. Performance comparison with other existing methods, such as Parallel
K-Nearest Neighboring and Parallel Naive Byes Model methods, is performed. The comparison results showed that the
proposed model is most effective in predicting emotions compared to existing models.
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AHHOTAIUS

ConuanbHble CETH COAEPIKAT OTPOMHOE KOJIMYECTBO JAaHHBIX, KOTOPbIE HCIOIB3YIOTCS PA3IUUYHBIME OpraHU3aLMsIMU
JUISL N3y4EeHUs SMOLUHI, MbIcel u MHeHu mroneil. [Tonp3oBarenn 4acTo UCIOB3YIOT CMANIIbl M SMOA3H B JONIOJHEHNE
K CJIOBaM, YTOOBI BBIPA3UTh CBOEC MHEHUE MO 00CYKIaeMoil Teme. MneHTH(HUKAIS SMOLHUI B TEKCTE TaKKe TpeOyeT
HM3yUYeHHS, OTHAKO MCCIICOBAHMS B 9TOI 00JIACTH BCe elle HaXOMATCS B HAdaJIbHOM COCTOSHUH. CEeTOmHs TOCTYITHO
HEJ0CTaTOYHO HAOOPOB JaHHBIX C AHHOTAIMSIMU WHTEHCUBHOCTEH aMonnid. CIIOKHOCTh 3a7a4il aHHOTHPOBAHHUS
SMOIUU U JallbHEHIINEe KOMMECHTAPHH TIOJIh30BATEIICH CTAHOBATCS MpoOJieMaMu MpH pa3padOTKe HOBBIX HaOOPOB
JMaHHBIX. NI pemieHust 3TUX MPOoOJIeM BBITIOIHSIIOTCS MHOTOUMCIICHHBIC HCCcaenoBanus. PaspaboTaHHbIC METOIBI
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Emotion analysis of social network data using cluster based probabilistic neural network with data parallelism

HE CMOTIJIM OCYIIECTBUTh KJIACCU(PUKAIUIO IMOLIUN TMPOCTHIM U SKOHOMUYHBIM cliocoOoM. B Hacrtosieir pabore
npejicTaBicHa Moeb (D GEKTUBHON KIacCH(PUKAIIIMK SMOIHIA B 3aIMUCIX Ha OCHOBE KiacTepusanuu. Habop maHHBIX
3amuceil B COIUANIbHBIX CETIX MPEIBApUTENbHO 00paboTaH s ylaleHUsl HeXXKeJIaTelbHbIX JIEMEHTOB H Jajee
knactepu3oBaH. C 1eIbi0 TOBBIIIEHUS Y(PPEKTUBHOCTH KITaCCH(PUKAIIMN BEIOPAHBI CEMAaHTUYECKHUE W SMOLIMOHAIEHBIE
npu3Hakd. {7 coKpalieHus BpeMEeHH BBIYHCICHUI U MOBBIICHUS YPPEKTUBHOCTH CHCTEMBI IPOTHOZHPOBAHUS
BEPOSTHOCTH AMOIHMH TpeIOKeHa KOHIICTIIUS Mapaulein3Ma JaHHbIX B Kiaccugukarope. [IpeanoxenHas Moaensb
anpoOupoBaHa C MCIOIb30BaHNeM IporpaMmuoro odecnieuennst MATLAB. B pesynsrare Mozies oOecniednia TOUTHOCTH
JUIS aHHOTUPOBAaHHOTO Habopa AaHHbIX — 92 %, a st WASSA-2017 — 94 %. BeinonHeH aHaNIN3 NPOM3BOIUTEILHOCTH
OIMMCAHHON MOJICIIH C CYIIECTBYOIIUMU MeToamu, Takumu Kak Parallel K-Nearest Neighboring u Parallel Naive Byes
Model. Pe3ynbTatsl cpaBHEHMs TOKA3aIIH, YTO IPEIIOKeHHAs: MO/Ieb Hanboee 3 (heKTUBHO Mpe/cKa3bIBaeT IMOLIUH
10 CPAaBHEHUIO C CYIIECTBYIOIIUMH.

KuoueBble ciioBa

SMOILMH, KJIACTEPU3ALIHS, U3BICUCHUE IPU3HAKOB, BEPOSTHOCTHAS HEHPOHHAS CETh U MapalIeIU3M JaHHBIX

Ccpbuika ps uutuposanus: Crapius [pxunu C., Yentamup Uuapa H. DOMoumoHambHBIN aHATM3 TAHHBIX COIMAIBHBIX
ceTell C MCIONb30BaHUEM KJIACTEPHOI BEpOSTHOCTHONW HEHPOHHOW ceTH ¢ mapaulenu3MoM AaHHbIX // HaydHo-
TEXHUYECKHUI BECTHUK HH(OPMAIIMOHHBIX TEXHOJOTH, MexaHuKH 1 onTukU. 2023. T. 23, No 6. C. 1143-1151 (na aHr.

s13.). doi: 10.17586/2226-1494-2023-23-6-1143-1151

Introduction

The growth of big data services and technologies is
evaluated in growth in the market, and it is clearly seen
that adopters like Yahoo, Facebook and eBay have briefly
presented the value of mining complex datasets, as far as
companies raised keen to release their value of own data
[1]. Emotions like anger, happiness and sadness are states
that humans experience and share as status in social media.
The developed field of cognitive computing, which mimics
and understands the functions of the human brain, has a
wide area of research opportunities [2]. Experimenting
with this big emotion data results in various challenges [3].

On these mechanisms, the big data process becomes
problematic as they involve complex ecosystems. Thus,
there is a need for a tool for big data management and
infrastructure to deal with the issues for controlling the
complicated environment [4]. Certain tools, namely Yarn
and Mesos, help to solve the issues, but unfortunately,
they were unable to compensate for the issue of cluster
performance and optimizing the application. Big data
get distributed among clusters for calculations, and
parallelization was controlled through policies and its
programming average [5]. However, there is a need for
optimizing methods for data parallelism applications before
the process of execution. The absence of this tool for data
management increases network overhead and transaction
costs that reduce the effectiveness of data portioning [6].
Hence, enhancing the performance of the data portioning
algorithm is much needed. So, filling the gap among the
partitioning schemes and volume of datasets, parallel
schemes are executed in the clusters [7].

Text mining is a process to extract useful data and
learn rate that eliminates noisy and disordered data from
datasets [8]. Similarly, insignificant features create noise
and they must be eliminated to minimize the size of data
for producing improved clustering [9]. As it focuses only
on design but fails to address the complexities that are
generated in big data volume with complex data, issues
are raised in these algorithms [10]. Thus, it resulted in a
huge amount of storage of data in a relational database
that made the performance of the system complicated. The
main intention of this model is to improve the process of

clustering big data with the help of the Bayesian clustering

method. Optimizing this clustering approach is found to

be helpful using a neural network scheme, and in the end,
clustering is performed in an efficient way. Contributions
of the proposed method are as follows.

— Develop an efficient data parallelism method for
classifying emotions in social media comments or posts
using neural networks.

— Initially a dataset is collected which have unwanted
things like tag, stop word, upper case. The unwanted
things are necessary to remove during the pre-
processing period. Here six various models are used
to pro-process the data, in order to improve the system
performance.

— After that the pre-data is a cluster to label the class by
the use of Bayesian finite mixture model clustering
method. Then the features are extracted from the cluster
data to recognize the emotions.

— Making use of the benefits of data parallelism to train
the neural network and thus testing it for efficient
prediction. Minimization of total time by partially
splitting the data into subsets and feeding it to neural
networks for training.

Literature Review

Different big data clustering methods for classifying
emotions have been presented; their limitation and
techniques used have been explained in this section.

Mahmoodabadi et al. [11] have presented an epidemic
model analyzed via Particle Swarm Optimization using
dataset decomposition strategy. It was developed initially
for standard Shepp-Logan phantom image reconstruction.
It also had limitations over the limited angle of projections
and results shown that this technique was not suitable for
the reconstruction of acquired data and suitable only for
standard medical imaging applications. Gupta et al. [12]
have presented a compression framework called Dynamic
Communication Thresholding for communication efficient
hybrid training. As it incorporated an action technique to
compress gradients, however, it fails to identify the most
relevant neurons of the neural network for each training
data. Ye et al. [13] have presented a clustering method
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based on the Bayesian Adversarial network and a low
ranked model. It is then adopted to rank the cluster member
estimation issue. However, it failed to reduce spectral
clustering in the optimization procedure. Experimenting
on different datasets showed that it required an optimal
clustering unless it was unable to provide sufficient
performance. Schneider et al. [14] have presented safe
data parallelism for general streaming. However, it failed
to ensure tuples as they always exit in parallel regions in
similar order that affected the safety conditions.

Alguliyev et al. [15] have presented Semantic Driven
Subtractive Clustering Method. In this method, clustering
was done based on semantic strength, as opposed to
the subtractive clustering method and Fuzzy C-means
algorithm. Finally, the process of solving churn issues
in big data context gets minimized due to the abundant
implementation domain. Kinra et al. [16] have introduced
a public policy decision-making algorithm to solve issues
that were created by textual big data analysis. However,
this algorithm failed to propose solutions for different
propensity users having disclosed positive feelings. Bolla
et al. [17] have presented a high-order Privacy Cost
Optimization algorithm for big data clustering it in the
objective function. Designing of this method depends on
MapReduce for a very large dataset. However, this scheme
failed to support larger actual datasets.

The above related models have some techniques to
detect the emotion from the text data. Those models are
not provide an effective outcome since they have some
limitations like poor cluster performance, long execution
time, failure to operate at long dataset, and failed to detect
the emotions in various propensity. To overwhelm these
limitations, an advanced cluster based machine learning
technique is developed. The novel method offers an
effective performance in any text data.

Proposed Method for Emotion Recognition
in Text Data

In this paper, a method for contribution in the field of
classification of emotions is presented. Classification of

emotion is done through a deep learning approach, and also
it helps to identify certain emotions expressed in the means
of verbal texts obtained from tweets. Two datasets consist of
emotional tweets, and their intensity values are allowed for
clustering, feature extraction and classification. Clustering
was done through the Bayesian method, and feature
extraction in terms of semantic and sentimental was done.
Finally, the features were used for training Probabilistic
Neural Network (PNN) and testing was performed. Testing
results are classified as results of emotions obtained at the
output layer of the neural network. The overall architecture
of the proposed methodology is shown in Fig. 1.

As shown in Fig. 1, obtain social network emotion
Datasets from a publicly accessible domain and acquired
them for evaluation purposes. Pre-processing stage
of eliminating unwanted terms was performed, and the
dataset is permitted for clustering in order to obtain the
label of data. Bayesian Finite Mixture Model is used to
perform clustering, and this clustering was done with the
help of Gaussian distribution and hence resulted in a group
of clusters. The probability of each cluster is measured,
and a label was found according to its probability. The
training Phase of multi-layer probabilistic neural network
occurs and it was done in parallel form. Learning was done
through parallel subsets, and the input vector of each subset
(X) is passed to the function of Gaussian for each class,
and a group of hidden nodes for all Gaussian functions is
computed at hidden nodes. All Gaussian functional values
are grouped by each hidden node that is used to feed a
single output node from that group and at each class output
node. The sum of all inputs is multiplied by constant.
The output nodes are determined by the maximum value
of all summed functional values (X). Parallel execution
of classification function was performed, and it is done
through a trained Multi-layer Probabilistic Neural Network
(MPNN) model. Probabilistic neural network then performs
prediction at the testing phase, and at the final layer
classification results have been obtained.

Data Pre-Processing

Datasets are obtained and they consist of different
emotions and its intensity levels. The pre-sampled dataset

Semantic features Sentimental features

Data parallelism

\a

%
°° d
90" X ki *
— Pre-processing | *‘A‘f‘***
o
Twitter data [ g
BFM cluster
MPNN
Emotion * <
- -
recognition
Output ~ Summation  Pattern
layer layer layer

Input
layer

Fig. 1. Overall Architecture of proposed methodology
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is shown in Table 1. As shown in Table 1, two datasets
are obtained in parallel for classification and training.
These datasets are obtained from the public access social
network (e.g., X) dataset domain and used for evaluation
purposes. These datasets are necessary to pre-process in
order to improve the system performance. Here six various
techniques were utilized to pre-process the raw data. There
are lower conversion, Hypertext Markup Language or
Extensible Markup Language (HTML/XML) tag removal,
tokenization, stop word removal, normalization and
numerical conversion.

Fig. 2 shows the architecture of data pre-processing.
Initially the lower conversion methods are used to convert
the upper case tweet words to lower case words. Then
the data are passed to HTML/XML tag removal method
to remove the tag presented in the dataset. Then the stop
words are removed, afterward tokenization is done. Finally
the data is normalized to a range, and conversion of the
words into numbers for further process is done. That is, the
string data conversion into numerical data depends on the
unique count of the words. After pre-processing, the data is
clustered to provide a label for classification.

BFM model for clustering the pre-data

In this Bayesian approach, probabilities of each
class intensity value are analyzed, and its probability is
calculated. Computing Probability values that belong to
each cluster and Estimation-Maximization is performed
with respect to the log-likelihood of each class [18].
Bayesian clustering is used to perform clustering in this
proposed method. Let D = {x(1), ..., x(W} which denotes
numerical conversion dataset where n represents the
maximum number of input data. A cluster member number
K is selected and initialized to perform a hypothesis test.
Group labels are initialized to corresponding n observations.
If K component mixture derives the observation i, Bayesian
distribution will be in the form of p(y,/0,). Each element of
0=1{0;,0,, ..., 0;} corresponds to a cluster. Additionally,
this mixture has a weight or mixing probability is given as
P,(c; = k). As far now, the dataset is divided into subsets,
and the number of clusters formation is denoted in the form
of positive integer n(p). In each cluster, a positive number
e; is given, and a partition of p number of things and device
for this data clustering is defined as

n(p) n(p)
n(ylp) = l‘{m({yi, €)= l_{m(ij)- ©)
= =

In equation (1), m(yC)) represents the joint distribution
of responses for the item in the cluster C; as it protects an
item index and cluster labels that require a function which
does not depend on j and its exchangeable function, m
represents von Mises distribution. y; = yy, ¥, and y; =y;
the role of y, is to ensure that the y, to be spherical vector
such that ||y;||, = 1. Here, the unlabelled datasets are

‘ Lower conversion H H Stop word removal
‘ Numerical conversion H Normalization H

Fig. 2. Block diagram of data pre-processing

HTML/XML tag
removal

Tokenization

required to perform clustering using covariate information
between clusters. On the items, permuting pairs are jointly
performed, and it can be given as shown in below

m(yC;) = 11 k(yi|uj)G0dL{j,

u ieG; ' (2)
[T1 k(y[|”j)G0d“j:J I1 k(yifujx) Godu;.
ui€eG; ui€C;

In this equation (2), k(ylu;) is density function for y;
with parameters and variables ;. Distribution function
G of u; at space U. In Bayesian Formulation, an earlier
probability that is allocated to each partition p, it gives an
equation as shown in below

n(p)
mply)ad(p) = n(p) H1 m(yC).
=

Where, ‘a’ is the Dirichlet prior parameter, ®(p)
represents parameters of a mixture model. After obtaining
these output samples, partition data is essential to be left
unaffected by label switching and continued till it reached
the total number of clusters K. The members of the same
cluster are likely to be of two data points when they
frequently appear together. A pairwise posterior similarity
is given, as shown below:

1 M
m;=ple;=cly)=— % {cm = cj(m)}~
Mm:1

In this equation, M is the number of elements in the
cluster, ¢; and c¢; are cluster assignments of observations y;
and y; and thus, the true probabilities were left unknown
and estimated using this equation. Here {c¢(™ = ¢(m} = 1
if ¢ = ¢/m = 0 otherwise. The clusters are combined in
a step-by-step manner until the entire items are clustered
together. The two clusters C;; and Cj, are being maximized

as shown below:
m(yC;; U Cp)
m(yC;)m(yCp)

*u(e;, ep),

where
I(e; +ep+X)
[(ej +X)I(ep +X)’

H(ejly ejz) =

where X is variable which relies each data point, uses one
of the mixture component likelihoods and raises the rest to
the power zero, I is a parameter that affects the strength of
the prior, and the cluster is generated by decentralizing the
total sample data and by finding a cluster point.

To implement the spectral clustering method, every
sample is generated from label Z. The Bayesian approach
for finite mixture model clustering has been done and
estimated for a high probability value. With the help of
this probability values label for each group of clusters was
determined as shown in Table 1.

Feature Extraction

In this proposed method, the feature extraction takes
place after performing cluster operations. Both semantic
features and sentimental features are extracted from the
clustering results. Features are extracted automatically
from the cluster data, as textual information is in natural
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Table 1. Sample Datasets

Samples Labels
Wrath; umbrage offense; pique temper irritation; Lividity; irascibility short temper spleen quick temper Anger
Unassertiveness; Trepidation; timidity; timidness timorousness; Suspense; stage fright Fear
worship adoration; Triumph; softheartedness tenderness; Rejoicing; pride Happy
world-weariness Weltschmerz; woe woefulness; Weight; weepiness tearfulness; sorrow Sad

language format; a natural language processing technique
is applied.
— Semantic Feature Extraction

Semantic features refer to those semantically hidden
concepts extracted from tweets. The semantic concepts
of entities extracted from tweets can be used to measure
the overall correlation of a group of entities. The semantic
features are theoretical units which mean holding
components that are used to represent the meaning of
the word. In proposed model, the semantic features are
extracted by providing a count of values in the clustering
data, its length and then class it belongs to. It is represented
as (Afy, ..., Af,,) features. For example, the entities “iPad”,
“iPod” and “Mac Book Pro” appeared more often in tweets
of positive polarity, and they are all mapped to the semantic
concept PRODUCT/APPLE. As a result, the tweet from
the test set “Finally, I got my iPhone. What a product!”
is more likely has a positive polarity because it contains
the entity “iPhone” which is also mapped to the concept
PRODUCT/APPLE.
— Sentimental Feature Extraction

Sentimental features like Happy, Sorrow, Anger
and Fear are extracted in various methods. By applying
dictionary methods, synonyms and antonyms are found. To
extract the sentimental features efficiently, Term Frequency-
Inverse Document Frequency is used. The importance of a
data in a cluster is measured, and its frequency determines
the feature ratio. Term Frequency is computed by finding a
fraction value between the number of times a data appears
in the clustering and the total number of data. Likewise,
Inverse Document Frequency is measured by measuring
the number of input data with the same feature and its
redundancy. It is a fraction between the total number of data
and the total number of redundant data ¢, it is represented
as (A ... ;).

Parallelism based Multi-Layer-Probabilistic Neural
Network for emotion recognition

After extracting the features, the dataset was split into
two groups such as training (80 %) and testing (20 %).
Only the trained datasets are sent to train the model of
MPNN. MPNN models are mostly used for classification
types. A basic structure of MPNN is enhanced to multilayer
and utilized for classification, as explained in the next
section. Fig. 3 shows the MPNN architecture. Probabilistic
neural network is represented by a parallel algorithm
designed based on Probability density function estimation
and Bayes classification rule, and as it is feed forward,
a neural network developed from radial basis function
network. It consists of four layers: pattern layer, input layer,
an output layer and summation layer [19].

Extracted features are given as input to the input
layer, PNN computes variations between sample input

Eigenvector, i.e., input data and predicted Eigenvector that
is classifier output. In here, the sample was considered as
feature extracted data which was an matrix format, and the
Eigenvector was considered as the s-variable of matrix. In
the final layer, the classification of samples was computed
to predict the output.
— Input Layer

Input Layer is comprised of two groups of nodes that
consist of semantic features and sentimental features. The
feature vector is carried out by the input layer and delivers
to the pattern layer. Input X is made for the process of
drilling the variables.

X: [xT’ bT’ vT? aT]T’

where, x, b, v and a are input feature of both semantic and
sentimental features. The input layer receives Eigenvector
from samples and transfers the data to the pattern layer. In
the input layer, the number of neurons presented is equal
to Eigenvectors samples.
— Pattern Layer

The second layer is the pattern layer, having N neurons,
here the number of training data is assumed as N; of the i
class, it takes a pattern z from the input layer and assigns it
to one of the & classes. All smoothing parameters are almost
similar to 6; = 6, = ... = 6, as well as the weight factor is
estimated utilizing the bell-shaped Gaussian function.

(z—x))(z x,-")l |

26>

0(2) =~ X exp |—

(Zn)d/z

In the formula above, (z — xj") denoted as a function
of ¢/, which indicates the prospect of z pattern which is
equal to x;’ and j™ data training is represented as x/ in the
Jjt training vector belonging to the i class. The smoothing
parameter ¢ describes the spread of the Gaussian function
and it can take a value among 0 and 1.

ﬂ%—» Anger

Summation Output
layer layer

Fig. 3. MPNN architecture
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— Summation Layer

The third layer is the summation layer containing k
neurons which calculate the maximum likelihood of pattern
z belonging to the i"” class, as given below.

1 N
P(z)=— (z),
(2) N ,-=21 0/(2)

where N is the dimension of the input vectors, @ is output
of pattern layer and z is input layer pattern.
— Qutput Layer

The final layer is the decision layer that assigns to z
class with maximum likelihood as follows.

C(z) = argmax{P(z)},i=1,2, ..., k,
i

where C(z) is the class that belongs to z. Thus the feature
vectors in each class may be reduced by thinning those
that are too close to another one and making f'larger. The
training set is made up of given exemplar feature vectors.
For each one, it is known the class to which it belongs.

Result and discussion

This section describes the evaluation of dataset details
and compares it to previous techniques, namely Parallel
K-Nearest Neighbouring techniques (PKNN) and Parallel
Naive Byes Model (PNBM). These methods are evaluated
in MATLAB platform and implemented in Intel(R) Core
(TM) 15-3570S CPU@ 3.10 GHz and memory 8 GB with
a 64-bit operating system and 64 based processor.

Dataset description

Text can be annotated for emotions (such as happiness,
fear, or surprise) or polarity orientation (positive/negative)!.
While certain words have emotional significance in relation
to a specific story, the affective potency of many others is
a product of our collective imagination (e.g. words such
as “mum”, “ghost”, “war”). Categorise the titles using
the relevant emotion label and a valence indicator given,
a set of predefined emotion labels (such as pleasure, fear,
and surprise). WASSA-2017 Shared Task on Emotion
Intensity is described in2. There are databases for four
emotions: happiness, sorrow, fear, and rage. A real-valued
score between 0 and 1 reflecting the level of anger felt by
the speaker is included in the anger training dataset, for
instance, along with tweets.

Further the proposed model performance is compared
to some other existing models like PKNN and PNBM. The
PKNN is one of the developed algorithms for classification.
It can naturally handle multi-class cases and can be used
for both classification and regression problems. The parallel
implementation speeds up the algorithm to minimize the
computational time. Similarly, PNBM is also another
developed method for minimizing the computational time.
It is known to scale linearly with the number of predictors

I Dataset 1: SemEval2007 affective text dataset. Available at:
http://web.eecs.umich.edu/~mihalcea/affectivetext/ (accessed:
03.02.2023).

2 Dataset 2: WASSA’17 Shared Task on Emotion intensity
dataset: Available at: https://saifmohammad.com/WebPages/
TweetEmotionIntensity-dataviz.html (accessed: 06.02.2023).

Table 2. Simulation parameter of proposed and exisiting models

Methods Parameter Ranges
PNBM var_smoothing 0.00012
PKNN n_neighbors 3

Standardize 1
MPNN No. of hidden layers 4

Training algorithm Radial bias

Scaling Normalization

and rows, also it handles categorization difficulties. For this
reason, PKNN and PNBM are chosen for comparing the
proposed model performance. Table 2 shows the Simulation
parameter of proposed and existing model.

In Fig. 4, the confusion matrix of proposed model is
demonstrated. It is based on True positive, False positive,
True negative, False negative. Using those values, we made
a comparison for evaluation matrices, such as Sensitivity,
Specificity, Accuracy, F-measure, Recall and Error analysis.

Accuracy values are determined and compared to
the previous methods and presented in Table 3. From
the table, it is understandable that the proposed MPNN
classifier performs better than other previous classification
techniques. MPNN model reached an accuracy level of
92.3 % value, and the PKNN model gives an accuracy
value of 87 %, and the PNBM have accuracy value of 89 %.
In contrast to accuracy measurement, error analysis also
plays a vital role to show that a model is more effective.
Then error values are analyzed for proposed as well as
previous methods. From Table 3, it is visible that MPNN
exhibits less error value in a range of 7.7 % and PKNN
method exhibits 13 % of error values, and PNBM exhibits
11 % of error values.

By measuring Precision and recall values, the
F-measure was then calculated. F-measure value evaluated
from the proposed model is 90 %, PKNN is 82 %, and
PNBM is 80 % of the measured value. Similarly, the recall
measurement values of the proposed, as well as previous

1 0 61 10 50 10
2 26 75 15 5
2
o
g 3 2 20 239 5 9
™=
4 2 10 12 179
5 2 1 2
1 2 3 4 [3
Prodicted Class

Fig. 4. Confusion matrix of proposed model
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Table 3. Performance metrics comparison, %

Metrics MPNN PKNN PNBM
Accuracy 923 87 89
Error 7.7 13 11
F-measure 90 82 80
Recall 90 82 80
Sensitivity 89 75 70
Specificity 90 80 85

models MPNN classifier, exhibits 90 % of recall values,
PKNN gives 82 % of recall, and PNBM gives 80 % of the
value. Then evaluating the results of sensitivity analysis of
the proposed and existing methods is made. The proposed
method MPNN classifier shows 89 % of sensitivity value
and the PKNN model gives 75 % of sensitivity value.
PNBM classifier exhibits 70 % of sensitivity value. Thus
overall performance on sensitivity gets improved in the
MPNN model. It is visible that the MPNN model gives
90 % of the specificity value, PKNN exhibits 80 % and
PNBM about 85 % of the specificity value. Thus, from
sensitivity and specificity analysis it has been clearly
visible that the proposed model outperforms previous
classification methods.

Evaluation Results of MPNN classifier

The proposed model is evaluated with respect to two
datasets for parallel execution, and their comparison of
results is presented here, as shown in Table 4.

From Fig. 5, it is quite desirable to say that the proposed
model performs optimally during parallel execution time,
and these techniques result in changes with respect to
increase in data size. For 20 kB it results in 5 s and for
40 kB it exhibits 6 s of execution time. Comparatively,
as without parallelization, a data size of 100 kB results in
42.5 s of execution time, but with parallelism, it minimizes
up to 35 s. Thus, the proposed Bayesian clustering-based
classification approach results better while executing
parallel.

Table 5 shows the computational comparison of
proposed and existing models after using parallelization.
The proposed PNN take 42.5 s to complete the process
for 100 kB, whereas the existing techniques like PKNN

Table 4. Evaluation Results for Dataset 1 and 2, %

Dataset 1 Dataset 2
Evaluation
Metrics With Without With Without
Parallelism | Parallelism | Parallelism | Parallelism
Accuracy 92.08 88.14 94.53 90.91
Error 7.82 11.90 5.52 9.20
F-measure 90.33 87.21 91.07 80.83
Recall 91.90 85.09 92.07 79.83

—o— With parallelism

40 - == Without parallelism

Time, s

0
20 60 100
Size of Dataset, kB

Fig. 5. Execution time comparison results for without
parallelization and with parallelization

Table 5. Execution time comparison for 100 kB data size

Methods Time, s
Proposed PNN 42.5
PKNN 47.9
PNBM 54.5

and PNBM consumed 47.9 s and 54.5 s respectively to
complete 100 kB. The comparison proves the proposed
model offers a better outcome as compared to other
methods.

Conclusion

In this paper, a novel cluster based supervised learning
model is developed to predict the emotions from the tweet
data. By reducing the complexity of annotation task, a
parallelism based PNN model is developed to predict the
suitable emotion. Two various datasets are used for analysis
of the system performance individually such as annotated
dataset and WASSA-2017 dataset. The dataset contain
unwanted symbols or signs that are removed from pre-
processing. Then the pre-data are clustered to provide a
label through the use of Bayesian Finite mixture. Then
the semantic and sentimental features are extracted from
the cluster data to improve the system performance. These
features are fed to the classifier to predict the emotions. A
novel data parallelism is used in the classifier to reduce
the computation time of the system. The proposed model
provides 92 % and 94 % accuracy for annotated dataset
and WASSA-2017 dataset, respectively, and the results are
compared with previous techniques like PKNN and PNBM.
It has even been evaluated that the proposed Bayesian
Clustering-based MPNN classifier over-performs other
models.
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AHHOTAIUA

BBenenne. CTpemMuTenbHOE yBeJIUUYeHHEe oObeMa BH3yalbHOH MHpOpMaIuu B ceTd MHTEpHET CTUMYyIUpyeT
YCOBEPIIEHCTBOBAHUE CYLIECTBYIOMIMUX M MOUCK HOBBIX MOAXOJOB JIJIS PELICHUS 3aJaud CHKAaThs U300paKeHUM.
OnHOl M3 BaYKHBIX XapaKTEPHCTUK NpU 00paboTKe n300pakeHHid, B YACTHOCTH TIPH UX CHKATHUS, SIBISETCSA SHTPOIHSL.
B pabore uccienoBaHa BO3MOKHOCTh MPUMEHEHUS METOJA JACKOMIO3UIIUN U300PaKEHUsS MO TOMOIOTHYECKUM
MpU3HAKAM /Il YMECHBIICHUS SHTPOIUY C [EIbI0 JallbHEHIIETo CKaTHs N300paskeHHsI IPU COXPAHEHUH BBICOKOTO
kadectBa. Metoa. Tononornyeckasi TEKOMITO3UIIUS TPE/IONAracT pa3ioKeHNEe U300paKeHUsT Ha KOMIIOHCHTHI,
KaX/1asi U3 KOTOPBIX OTPAXKAaeT OTICIBHBINA 3JIEMEHT Ha M300pakeHuu. Tormomornueckas TeKOMIIO3HIINS TTO3BOJISET
CTPYINUPOBATH [I00aTBbHBIC CTPYKTYPBI M MX JCTAIN B OTACJIbHBIC MAaTPHIILI CIICIMAIbHbBIC THUIA. J{JI YMEHBIICHHS
SHTPOIHH MPEIIOKEHO yIaIeHHE IeTaTU3UPYIOLINX COCTABISIONIMX M BOCCTAHOBICHHE H300pakeHus. OTIHYHUTebHAS
0COOEHHOCTH MPECTaBIEHHOTO MOIX0Ia COCTOUT B MCKaKEHHHU HE BCETO M300paskeHus, a 4acTu ero odmactu. OCHOBHbIE
pe3yJabrathl. [IpeanoxeHnslii MeTon anmpoOpoBaH Ha MPAKTHYECKOU 3a1a4e cykaThst n300pakeHnit anroputMoM RLE,
3aBHUCUMBIM OT SHTpoNuu. [loydeHHbIe pe3yIbTaThl OKA3aIH, YTO IPUMEHEHUE TOMOJIOTHIECCKOTO PA3TIOKECHHIS
000CHOBAaHHO B BOTIPOCaX YMEHBIICHUS SHTPOIINH, YTO TIO3BOJISET MCIOIB30BaTh Npeo0padoTaHHOE N300paKEeHNE
TSt coxaths. J{ist onleHKH KadecTBa M300pakeHuit ncnonb3oBanbl wHAeKeh PSNR, SSIM, MSE, NRM. IlokasaHo,
YTO B CPaBHEHHH C BEHBIICT-NPEOOPA30BAHNUEM MIPU COTIOCTABUMOMN CTETICHU CYKATHsI M300paKEHUH TpeiaraeMblit
MOIX0/T KOHKYPEHTHOCIIOCOOHBII TI0 MMOKa3aTelsIM OICHKH Ka4eCTBa, a JUls OMPEICICHHOro Kiacca H300pakeHUi co
ci1abo 3alryMICHHBIME JUIMHHBIME 00BbEKTaMH peBocxXoauT ero. O6cyxkaenne. [TonydeHHbIe pe3ybTaTbl OTKPBIBAIOT
BO3MOXXHOCTH JJIsI JAIbHEUIIIETO U3yUYEHUsI TOTIOJIOTHUECKON IEKOMIIO3ULIUY TS COKATHA M300paKEeHUH ¢ MOTEHIUAIBHO
OoupIeit 9 PEeKTUBHOCTBIO U TIPH MEHBIINX HCKAKCHHAX.

KnroueBbie c10Ba
JIEKOMIO3HIHS N300pasKeHHH, TOMOIOTHUECKUH aHaIN3, SHTPOIIHS, CKaTHE C TIOTEPSMH, OI[EHKA KadecTBa N300paykeHHi
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Abstract

The rapid increase in the volume of visual information on the internet stimulates the improvement and search for new
approaches to solving the problem of image compression. One of the important characteristics in the field of image
processing, in particular in matters of compression, is entropy. The work explores the possibility of using the method
of image decomposition based on topological features to reduce entropy in order to further compress the image while
maintaining high quality. Topological decomposition involves decomposing an image into components each of which
reflects a separate element in the image. Topological decomposition allows us to group global structures and their
details into separate matrices of special types. To reduce entropy, it is proposed to remove some detail components
and restore the image. A distinctive feature of the proposed approach is that it does not distort the entire image, but
only some areas. The proposed method is tested in a practical compression problem using the entropy-dependent RLE
algorithm. The results showed that topological decomposition is good at reducing entropy, which will allow us to use
the preprocessed image for compression. PSNR, SSIM, MSE, NRM indices are used to assess image quality. When
compared with the wavelet transform, the proposed approach is competitive in terms of image quality assessment at a
comparable compression ratio, and exceeds it for a certain class of images with slightly noisy long objects. The results
open up opportunities for further study of topological decomposition in image compression with potentially greater
efficiency and less distortion.
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image decomposition, topological analysis, entropy, lossy compression, image quality assessment
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BBenenue

[To undopmanuu mccienoBaTENbCKON KOMIAHUHU
Statista Research Department, o0bemM MHTEpHETa K
2025 roay cocrasut Gonbuie 180 3errabaiir!. MoxHo ¢
YBEPEHHOCTHIO YTBEPIKAATh, YTO OOJIBIIYIO YaCTh 3aHUMAET
ayanoBU3yaabHas MH(GOPMAIWS, ISl XpaHEHUST KOTOPOH
TpeOyroTcs 3¢ eKTHBHBIC METOABI cyKaTus. JlaHHbIH (akT
CTUMYIIUPYET K CO3/IaHHIO ¥ BHEPEHNIO HOBBIX ITOX0/I0B
B ATOH 00MaCTH.

PazHble jaHHbBIE UMEIOT pa3HYIO CTENEHb CxKaTus. Yem
uHpopMaIys CIoXKHee, TEM OHa XyXke CxkuMaercs. B ciy-
4yae CHKaThs M300pakeHni (pakTop CIIOKHOCTH OMPEACsieT
uH(OpMALIMOHHAS] SHTPOITHSL.

CTouT 3aMEeTHTh, YTO MHOTHE COBPEMEHHBIC METO/IBI
cKaThs N300pa’keHni, OCHOBAHHBIE HAa KJIACCHYECKHUX
M0JIX0/1axX, MOJONIUIM K HEKOTOPOMY IIpeely U, CKopee,
GoproTCs 3a CKOPOCTh, YeM 32 3PPEKTHBHOCTH. DTO MOXKHO
yBUIETh Ha ipuMepe anroputMa Quite OK Image. B ciy-
yae ¢ BuaeodailiaMi CUTyanust CXoxasi, 0 4eéM TOBOPUT
MOTYJSIPHOCTD Kozieka kKoxupoBarus H.265/HEVC [1].

Kpome Toro, coBpeMeHHbIE TEHACHIIUN ABUTAIOTCS OT
YETKO C(OPMYIMPOBAHHBIX AITOPUTMOB K HCIOJIb30BAHUIO
HEHpOHHBIX ceTell. B pabore [2] mammHHOE 00yUeHue nc-
CJIEZIOBAHO C TOYKH 3pEHHUs CxKaTusl n3o0paxenuil. OnHako
pe3yJIbTaT SIBJISIETCS CIIOYKHO IPOTHO3UPYEMBIM M ClIab0

I [Dnextpounslii pecypc]. https://www.statista.com/
statistics/871513/worldwide-data-created/ (naTa oOpateHus:
28.10.2023).

KOHTPOJIUPYEMBIM, UTO MOXKET OMEIIATh IOBCEMECTHOMY
UCTOJIb30BaHUIO TAKUX METOMIOB.

OTaenbHO BBIJEIMM KJIACC TOITOJIOTHYECKOTO CHKAaTHsL.
Ero 0coGeHHOCTB B TOM, YTO CKaTHE ITPOUCXOIUT KOHTPO-
JTUpyeMo. DTO BEIPAKaeTCs B BOBMOXKHOCTH yOpaTh OIHY
obmacte, He Tporas apyrue. Tak, B padore [3] mokazaHo
C)KaTHe MOBEPXHOCTH, U TIPU ITOM OCTAIOTCS HETPOHYTHIMU
OTIpe/IeTICHHBIC BaXKHBIEC TOIOJIOTHYECKHIE pernonsl. K man-
HOMY KJIaCCY OTHOCHUTCS NPEIJI0KEHHBII B HACTOSLLEH
paboTe MoaXO/I.

OnHUM M3 MONYJSAPHBIX HANpaBICHUN IS CXKaTUA
N300paKeHU SIBIISIETCS IEKOMITO3UIHS. J{eKOMITO3UITHS
N300pakeHMsI MPECTABISET COOON pasoKEeHUE NCXO-
HOTO JBYMEPHOTO CUT'HaJIa Ha OTACJIbHBIC CTPYKTYPHI
C BO3MOKHOCTBIO 00paTHOTO BOCCTaHOBJIECHH. [101X0/bI
K JIEKOMIO3UIMN OTJIMYAIOTCSI B 3aBUCHMOCTH OT ITOCTaB-
JICHHOH 3a/1aun. B oTnenbHyI0 rpynmy BXOJST METOIbI,
KOTOpbIe 0a3MpyIOTCsA Ha CIIEKTPaJIbHOM aHAJINU3€E, pac-
KJ1a/(pIBasi N300pa)KeHNE Ha HU3KHUE U BBICOKUE YACTOTHI.
SIpxue mpencTaBUTENN JAHHOTO MOAXOAa — METOMbI Ha
OCHOBeE BeiiBieT-npeodopasoBanus [4—7]. Takxke cymie-
CTBYIOT METOJIbl, KOTOPBIE PACKJIa IbIBAIOT H300paKEHHUE HA
CTPYKTYPBI U TEKCTYpHI [8], HCTIONB3YIOT HepapXxUdecKue
npeoOpa3zoBanus curHana [9]. O4eHb 4acTo JIEKOMITO3HU-
Lus cBsA3aHa ¢ AepeBoM kBagpanToB [10, 11]. [upoko uc-
TIOJTE3YETCsI aHAJIM3 TTOCIIEIOBATEILHOCTH N300PAKEHNH C
TeyeHrueM BpeMeHu. B [12] mokazan meTon pazioxeHus,
KOTOPBIM 00pabaThIBaeT OHY M Ty K€ CIICHY IpPH MEHs-
foIeMcsl OCBeIIeHn , a B [13] 1 aHanmu3a mocieaoBa-
TEJIBHOCTEN IPUMEHEHA IEKOMITO3ULMS Ha OCHOBE Dyphe-
npeoOpa3oBaHus.
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OueHka BO3MOXHOCTH NnpUMeHeHna MeToga gekomMmnos3numnm M306pa)KeHVIVI Mo TONOJIOrM4eCKNM NPpmn3HakaM...

JleKOMTO3UIMS TIPU Pa3HBIX MTOAXOaX MO3BOJISIET BbI-
JISTIUTh HAaMEHEee 3HaUUMble KOd(D(DUIIMEHTHI Pa3JIOKEeHUsI
Wi 001acTu, 00paboTKa KOTOPHIX MPUBEACT K YMEHBIIIC-
HUIO SHTPOIHU H300pakeHus. JJaHHBIN pe3yabraT MOXKET
MTOBITUATH HAa KOAX(PPUIIMEHT CXKATUs IPU HUCIOTH30BAHUN
SHTPONUHHBIX METOZOB KOoAMpoBaHusI. OTHAKO ATO TaKKe
BIUSACT U Ha KadecTBO m300paxkeHuit. Takum oOpazom,
Ba)KHAs 337a4a JIEKOMIO3HUIINN — COXPAHEHUE BBICOKOTO
KadecTBa M300pakKeHUH TIPHU BBICOKOM CTEMEHU CHKATHS C
rorepsiMu. J1J1st OIICHKH Ka4yecTBa CYIIECTBYIOT CIeIallb-
HBIE KPUTEPUHU, KOTOPHIE MTO3BOJIAIOT YUCIEHHO CPABHUTH
HCXOJTHOE U PE3YNIbTUPYIOIIEe H300paKEeHHSL.

B pa6ore [14] aBropamu pa3paboTaH METOJI TOTIOJIOTH-
YEeCKOM JIEKOMITO3UIMK M300pakeHnil. B ero koHuenumu
JICKUT pa3zielieHHe UCXOIHOTO M300paeHUsI Ha MaTpH-
bl CTICTIMATBHOTO THITA, KOTOPHIC COIEPIKAT TII00aThHBIC
CTPYKTYpBI H300paKCHHUS, a TAKXKE JCTATbHBIC AIIEMCHTEI.

Lenp HacTOsIIEH pabOTHI 3aKIIIO9AETCS B UCCIICAOBA-
HUH BITUSHAS TOTIOJIOTHYECKON TEKOMITO3HITH Ha Ka9eCTBO
M300pakeHUs Mocie OTOpachIBAaHHUS MaJo3HAYaIIuX Jie-
TaJBHBIX CTPYKTYP. VcciaenoBan BOPOC OLEHKHN KauecTBa
n300pakeHUH MpeasIaracMoro 1mojIxo/a U BeHBIeT-peod-
pa3oBaHusl IPU CONOCTABUMON CTEIEHH CHKATHUSI.

JexoMno3nnms u3o0pasxkeHui

TonoJiornyeckas qekomno3uuus. TeopeTuyeckue
OCHOBBI METO/Ia IEKOMITO3UITIH H300paKeHUH 110 TOTIOJIO-
THYECKUM MPU3HAKaM TPEJCTaBIeHbI B padorax [14, 15].
ITokaxeM OCHOBHBIE MIPUHIMUIIBI TOIMMOJIOTHYECKOTO pas-
JIOXKCHUST M300PAKECHUSI U PACCMOTPUM BO3MOXKHOCTD €TI0
HCIIOJIb30BAHUA IIPU CKATUH.

Tononorunueckas 1eKOMIO3UIUS MTPE/IIONaraeT pasio-
JKCHUE N300paKEHUsI Ha CTPYKTYPHBIC KOMITOHEHTHI, TIPEJi-
CTaBJIIIONINE COOOH OTpeIeIICHHBIC 00JIACTH U3 ITUKCEIOB U
COOTBETCTBYIOIIIUE MCCIIEAyeMbIM 00bekTaM. [IpakTiuaecku
KOMITOHEHTHI IIOKPHIBAIOT YaCTH H300PasKEHHSI OT JIOKAIb-
HBIX MaKCUMYMOB JI0 JIOKQJIbHBIX MUHUMYMOB (puc. 1, @).

Kaxxmas koMImoHeHTa XapaKTepu3yeTcs sPKOCThIO, Ha
KOTOpPOH OHa MOSIBUJIACh U, HA KOTOPOM IpeKpaThiia cy-
mecTBOBaHME. B Toukax JTOKaJIbHOTO MHHHUMYyMa OIHA
KOMIIOHEHTa CTaJKuBaeTcs ¢ apyroi. Kommonenra ¢ 6o-
Jiee TO3HUM IOSIBJICHUEM MPEKPAIIaeT PACUIUPATHCS, &

Touku makcuMmyma

Touka MUHUMYyMa
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¢ Oosiee paHHUM HJET JIO CIIEAYIONIEH TOYKH MUHUMYMa
(puc. 1, b). AHanu3 B3aMMO/ICHCTBHSI KOMITOHEHT ITPOHCXO-
JIUT Ha KaXXA0H urepauuu ot 255 10 0, 4TO COOTBETCTBYET
3HAYEHMSIM SIPKOCTH HA N300paKEHUH B TPAIAIAIX CEpOTo.
[Ipouecc mponcxomuT 10 TeX Mop, MOKa Kakas-JIn00 KOM-
MIOHEHTA HE ITOKPOET BCe M300paKeHHE.

Pasuuny Mexay 3HaUYCHUSIMH MOSBICHUS W TpEKpa-
IICHNS CYNIECTBOBAHUS KOMIOHEHTHI HA30BEM JJIMHOU
KOMIIOHEHTHI 1 0003Ha4NM OYKBOH L.

Paccmotpum puc. 2, Ha KOTOPOM KaKABIA MHKCET
CXEMAaTHYHO MpEJCTAaBUM B BUe Habopa KyOMUYecKux
3D-00bEKTOB, KOJINYECTBO KOTOPBIX B CTOJIOIE PaBHO 3HA-
YEHUIO SIPKOCTU. BhIenuM cHauanza Bce KOMIIOHEHTHI €
JUTHHOW L = 1 M pa3MecTuM Ha OTIEILHOM H300paKCHUU
(puc. 2, ¢). Takxke OTACTBHO OTOOPA3UM MCXOIHOE H30-
Opakenue 0e3 KOMIOHEHT ¢ JuHOU L = 1 (puc. 2, d). 1o
AHAJIOTMU Ha pUC. 2, e—g TIOKa3aH npumep juist L < 2, rie Ha
OT/ICNTBHBIX N300PAKEHHSX Pa3MEIICHbI BCE KOMIIOHEHTHI C
mmHaMu L <2 wu L > 2.

0O0603HaYMM HCXOIHOE M300pakenne OykBoi I, m300pa-
JKEHUSI ¢ KOMITOHEHTaMH, YAOBJIETBOPSIIOIUMH YCIOBHIO
L<k(ke€{l1,2,...,255}) — J ., a u300pakenue, conep-
JKalllee OCTaJIbHble KOMIOHEHTHI pu L > k — J,,,. Torna
I onpenenum B BUE anreOpandeckoi cymmbl J . 1 J.
[Ipu nHeGonbmMx 3HaUeHUAX k usobpaxenue J .. Oyner
cozeprkarh aerain, a J,, — miobaibHble CTPYKTYpbl. [1pu
yBENMYEHNH napameTpa k B J .. MOTyT OBITh Ha€HbI
Goree KpyIHBIE HCCIIeyeMble OObEKTHI.

B o0mem Buae Kax10i KOMIOHEHTE COOTBETCTBYET
MaTpuIa, pa3Mep KOTOPOH COBMAAAET C pa3MepamMH Hc-
X0JHOTO M300paxeHus. HeHyneBble 3EMEHTHI MaTPHUIIBI
OIIMCHIBAIOT KOMIIOHEHTY.

3ameTnM, 4to J, TPYNIUPYET B OMHO H300paKeHNE
Bce KOMIOHeHTsl ¢ L = 1,2, ..., k,ad, , —cL=k+1,
k+2,...,255. Eciu oTcOpTHPOBaTh BCE KOMIIOHCHTHI T10
BO3PACTaHMIO X UMH L, <L, <...<L, <...=< Lap, TO
noxydumM (GopMyIry U3 anredpandeckoil CyMMbl MaTPHIL:

I=Ja1+Ja2+...+Jak+...+Jap, (1)
TIe 0y, 0y, ..., O, — HHICKCHI KOMIIOHCHT, K&K 101 U3 KO-

TOPBIX COOTBETCTBYET MATPHLA; p — 00IIee KOINIECTBO

KOMITIOHCHT.

Puc. 1. Buzyanuzaiyst oCTpOSHUs] KOMIIOHEHT: UCXOJHbII 00BEKT ¢ TOUKaMH JIOKAJIbHOTO MUHUMYMa U MakCUMyMa (a);
BU3yaIM3aIHsl OTVIOIEHHS KOMIIOHEHT (D)

Fig. 1. Visualization of component construction: initial object with local minimum and maximum points (a), visualization of
component absorption ()
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Puc. 2. Buzyausaiusi TOOJIOHYeCKOil 1eKOMIO3UINK 3D-OBEPXHOCTH: HCXO/IHAS TOBEPXHOCTH (@); HCXO/HASI TIOBEPXHOCTh
C OTMEYEHHBIMH KOMITIOHEHTaMu 1ipu JuiiHaxX L = 1 (b) u L < 2 (e); OTneNnpHO BhIACICHHBIE KOMIIOHEHTHI ¢ JuinHaMu L = 1 (¢)
u L > 1 (d); xommonenTs! ¢ umHamu L <2 () u L > 2 (g)

Fig. 2. Visualization of the topological decomposition of a 3D surface: original surface (a), original surface with marked components
at length L = 1 (b), separately selected components at L = 1 (¢), separately selected components at L > 1 (d), original surface with
marked components at length L <2 (e), components at L <2 (f), components at L > 2 (g)

Bynem cunrats, uto B hopmyie (1) MaTpHLE! Jop Yoy
e Jak cojiepkaT KOMIOHEHTHI ¢ JIHHON L < k, a KOM-
MMOHEHTHI J J J, — ¢ pounout L > k. Torga

01 T2 Tt V0
MOJIYYUM:

JﬂeT:Ja|+Ja2+---+J Ju=Jdg. tdy  t... T

o Ot 1 O+ 0o

IIpw cxatnm n300paXkeHns ¢ MOTEPSMU OTOPOCHM J ¢,
n nomyunm, uro I = J,. Ilapamerp k Biusier Ha cTeneHb
neranuzanuu. Eciu yOparh Bce neTaibHbIe KOMIIOHEHTHI,
TO MOJIYYUTCSl POBHAsI TOBEPXHOCTh. COOTBETCTBEHHO,
YMEHBIIUTCS DHTPOIUSI U300paKEHUsI, YTO, B CBOIO Ove-
penb, nmoBnusieT Ha ko3 duiueHt cxxarus. [logooHbIe
JeWCTBHsI OBUTH COBepIleHbI B padore [16], HO Ha 1pyroit
TeopeTHyeckoi Oase.

Takum 00pa3oM, Kak BUJHO U3 BU3yaJH3aLUH, TIOIXO/
Ha OCHOBE TOIOJIOTMYECKOH JIEKOMITO3HIIUH ITPOCT B IPHU-
MEHEHUH U IPO3PAueH Ha MPaKTHKE.

KomnionenTsl, cobpanusie B J .., He 00g3aTeNbHO O€3-
BO3BPAaTHO OTCENBaTh. B TaHHOM cllydae nX 0COOCHHOCTBIO
SIBJIICTCS IIPENICKAa3yeMOCTh, TaK KaK MaKCUMaJIbHOE 3Ha-
4yeHue ApKocTH OyneT paBHO k. [Ipumep mpemobpaboTku
C HCIIOJIb30BaHHEM PACCMOTPEHHOTO MOAX0/a [IOKa3aH Ha

puc. 3, b—f co 3HaueHusMu k, paBHBIME 2, 5, 10, 15 1 30
COOTBETCTBEHHO.

Pa3BuBas Teopuio TONOJIOTMYECKON NEKOMIIO3ULIUH,
MOXXHO pa3f€JIuTh BCE KOMIIOHCHTHI Ha ABE I'PYIINLI Tak,
9TOOBI B 00CHX OKa3aJIUCh KaK MOXKHO 0OJiee paBHOMEp-
HbIC 3HAYCHUA IJ1A JOCTHIKCHUS HaMMEHbIIEN OHTPOIINH.
OnHaKo BO3MOXKHOCTB 10I00HOTO PaBHOMEPHOTO pasziere-
HUS 3aBHCHUT CYTy0O OT UCXOMIHBIX JTAHHBIX.

OCoOEHHOCTBEO METO/IA SIBIISICTCS TO, YTO OH MTO3BOJISICT
BEIPABHUBATH SIPKOCTH B H30JINPOBAHHBIX 00JIACTSX, KOTO-
PBIE UIMEIOT HEKOTOPYIO TOITOJIOTUIECKYTO TIOCTOSTHHYIO 00-
JacTh. Y IPYTUX IMOAXONOB, HApuMep, y anmroputMa JPEG,
KOJTMYECTBO OTTEHKOB MO)KET YMEHBITUTHCS, U3-3a YETO
TPaJUeHT Ha M300paKCHUN HAYWHACT BHITIISACTH KaK OT-
JIeNTbHBIE TIONOCHI (pHc. 4). [TpeamoxkeHHbIH TOAXO0T YN
TOJIBKO M30JINPOBAHHBIC 00JIACTH, MPEACTABIISIONINE IIIYM,
KOTOPBIIl OIpeJieieH Mo nokasarento k. UeM mokaszareib
k BbIIIE, TeM 0OJIbIIC OYICT MOTEPb, U, CICAOBATEIIBHO,
OobllIe cxKaTHE.

JlekoMIo3unus HA OCHOBe BeliBJIeT-Ipeodpa3oBa-
HHA. 3aMETHM, YTO CXOXKUM IO TIPUHIIUITY PAOOTHI SIBJISI-
eTCsl IUCKPETHOE BeHBIIET-Ipeodpa3oBanue. CyIecTByeT
MHOXXECTBO BHJIOB BEHBJIECTOB. B HacTosmei padore BHI-
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Puc. 3. IlpenodpaboTka n300paxxeHust Ha OCHOBE TOMOJIOTHYECKOH IEKOMITO3UIINK: HCXOIHOE H300pakeHue (a); mpu k =2, 5, 10, 15
rcye3 IIyM Ha YepHOU apKe CIpaBa, epeKsIaJnHe Bo3Jie Hee u OeoM cromnbe cieBa (h—e); pu k = 30 ¢ numa mponaiu HEKOTOpbIe
Oerbre OITMKH, a IPEAMETHI HHTEphepa CIpaBa cTalu 0ojee OTHOPOAHBIMH T10 IBETY (f)

Fig. 3. Image preprocessing based on topological decomposition: the original image (), at k = 2, 5, 10, 15 the noise on the black
arch on the right, the crossbar next to it and the white pillar on the left disappeared (b—e), at k£ = 30 some white highlights disappeared
from the face, interior items on the right became more uniform in color (f)

Opan BeiiBier CDF97, KOTOPHIil HCITONB3yeTCs B ATOPUTME  CTBIX TECTOB OBLIO OTpe/ieNneHo, 9Tto oopadoTka Tomsko HH
JPEG 2000. Y4acTOT BeJeT K HeTOCTATOYHO XOPOIINM Pe3yabTaTaM Ipu

BeiiBneTsl packiaaplBalOT M300pakeHNWE HA YETHIPE  OTCYTCTBHHU 3aMETHBIX BHU3YaJbHBIX HCKaXEHHUI. B cBs3M C
KOMITIOHEHTBI, IPEACTAaBIAIONNEe KOMOMHAIIMIO BBICOKHX  3TUM OBLIO MPUHATO PEICHUE AOMOITHUTEIBHO HCIOIB30-
(H) u Huskux (L) yacToT. BeinmomHeHHEM HECKOJIBKO MPO-  BaTh kodGh¢uruentsl LL u LH. DxcriepuMeHTsI MmoKa3aiu,

Puc. 4. TIpobnema cxarust B anroput™e JPEG: ncxonHoe n3o0paxeHue ¢ MIaBHBIM TpaaneHToM (a); n300pakeHne nocie
KOMIPECCHHU C PE3KUM MEepexo/IoM IpaueHTa B BUIE 1ojoc (b)

Fig. 4. Compression problem in the JPEG algorithm: original image with a smooth gradient (a), image after compression with a sharp
gradient transition in the form of stripes (b)
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YTO B ATOM CJIy4ac BH3YyaJbHO KaueCTBO HE YXYIIIACTCS,
HO TIPH 3TOM JIOCTUTAIOTCS JIyUIlIUe TIoKa3arenu. J{ist atroro
k03 (QUIMECHTHI TTOIBEPTAIACH JCIICHIIO Ha mapamerp D,
npuueM D =4 qnst HH, D=2 nna LL u LH.

B cnyuae nekommosunmu mpu padoTe ¢ BEHBICTAMHU
MPOSIBUIIACH OJIHA 0COOCHHOCTh — HEMOCPEICTBEHHOE
BIIMSIHUE Ha BCE N300paKeHHe, T. €. eT0 CIOKHO KOHTPOIIH-
pOBaTh, KOT/Ia HEOOXOAMMO JOKAJIH30BaTh ACUCTBHE. DTO
XOPOIIIO TIPOCTIEKUBACTCS B 3a/1a4ax CHKATHSI.

PaccMmoTpum cylecTByoNMEe MOAXO/Abl U BBITOJTHUM
OHeHKy BIIUAHUA ACKOMIIO3UIIMHU HA KAYCCTBO H306pa>1<e-
HUs.

Pe3ysibTaThl 3KCIIEPUMEHTAIBHBIX HCCIeT0BAHUI

Kputepun oneHku kayectBa nzodpakenuii. Pas-
JEJISI0T 1Ba HAIPaBJICHUS JUIs OLIEHKH KauyecTBa M300pa-
JKeHui: 0e3 stanona (no-reference) [17] u ¢ 3TaToOHOM
(reference-based) [18]. B mepBom ciiy4ae mpouCXOTUT
pacueT HEKOTOPOro KO3 QHIMEHTA TOJIBKO IO MUKCEIaM
BXOJIHOM MarpuIlsl. Bropoe HanpasieHne cpaBHUBAET HC-
XOJIHOE N300pAKEHNE C MCKAKEHHBIM.

OjmH 13 0a30BBIX M YaCTO HCIIOIB3YEMbIX MOIXO0B —
WHJCKC MUKOBOTO OTHOLICHHs CUTHana K mymy (Peak
Signal-to-Noise Ratio, PSNR), koTopsIii Berancisiercs mo
bopmyre

MAX?
PSNR = 1010g10 - |,
MSE

m—1 n-1
rae MSE = RN > Y, )) — K(i, j)|? — cpennexkBaaparuy-
mn = j=0
Hast omOka (Mean Squared Error, MSE); / u K — ncxon-
HOE M HCKa)KeHHOEe n300paxenus; MAX — MakcuMallbHOE
3HaYeHUE, IPUHIMAEMOE ITUKCEIOM n3o0paxenus K; n u
m — IMIUPUHA ¥ BEICOTA N300paKEeHHUS.
B kauectBe armamora PSNR gacTo BRIOHpAIOT WHICKC
cTpyKTypHOTO cxozcTBa (Structure SIMilarity, SSIM), xo-
TOPBIN UMEET BUJ,

Cupg +c))(2oxk + ¢)
(W7 + pz +e)(of+ ok + o)

SSIM =

e ¢; = (0,01 x B)2, ¢y = (0,03 x B)2; u; u ug — cpexn-
HUe 3HaueHHs spKocTei nzobpaxkenuit / u K; 012 u 0,%
— nucnepeun I u K; 6, — xoBapuanus [ u K; B — nu-
HAMHUYECKNH AMana3oH MUKCENOB (255 17 MOTyTOHOBBIX
HM300pKEHUH).

Takske JOMyCTHMO HCIIOIB30BaTh U O0JIee MPOCTHIE MO0-
KazaTenu, kak Hanpumep, MSE min ee HOpMann30BaHHYIO

Bepcuio (NRM):
MSE?
AVGIY
rne AVG — cpennee apudMeTHISCKOE.
HccnenoBanne BIANSHUS T€KOMIIO3MIMA HA Kade-

CTBO U300pazkeHuid. [lJis1 MpOBEAEHUSI SKCIIEPUMEHTOB U3
Habopa ganubix ImageNet! BoiOepeM HECKOJIBKO M300pa-

! [Dnextponnslii pecype]. https:/www.image-net.org (nara
obOpamienus: 28.10.2023).

JKeHUH. Ha naHHbIX M300pa)KeHHsIX BBIMOIHUM ONEpalnio
yAaJEeHUs IIyMOBOM COCTaBIISIIOIIEH C Pa3IMYHBIMU [TOKa-
3aTeJISIMU JUTMHBI KOMIIOHEHTHI.

Coxarue 3aBHCUT OT BBIOpaHHOTO anropuTma. UToOsI
IIPOBECTH HanboJee YNCTOe CPAaBHEHNE, HCTI0JIb30BaH Oa-
30BBIi anmroput™ Run-Length Encoding (RLE).

W3o6paxenns, o0paboTaHHBIE HA OCHOBE TOTIOJOTH-
YECKOM IEKOMIIO3UIIMYU C Pa3HOU JJIMHONW KOMIIOHEHTHI,
1 Te e caMble N300pakeHus, 00pabOTaHHBIE HA OCHOBE
BEWBIETOB, ObuTH CckaThl anroputMoM RLE. B kagecTtse
TECTOBBIX JaHHBIX BBI6paHO YCTBIPE PA3HOPOAHBIX HU30-
Opaxenus (puc. 5).

OnuiieM BU3yaJIbHBIE PA3IHUUS IPU JEKOMITO3HIIUH.
Vcka)keHns BEMBIIETOB MPOSIBISIOTCS HEMOCPECTBEHHO Ha
Ka’K/IOM ITMKCeJIe M He 00pa3yloT XapaKTepHBIX 30H, B OTIIH-
YHe OT TOMOJIOTHYECKON IEKOMITO3HIINH. Toroornieckas
JICKOMIIO3HUIIMS HE 3aTparuBaeT 00beKThI, KOTOPBIE HE BXO-
JST B MAna3oH UIMH KOMIIOHEHT k, TIO3TOMY B IEJIOM
HCKaKEHISI HE YXYIIIAIOT N300pakeHne, HO yOUPAaroT J0-
KaJbpHBIe 00macTH (puc. 6).

Jlnist uccneoBaHMs BIMSHUS TOTIOJIOTMYECKON IEKOM-
MO3UITMU Ha KaueCTBO U300pakeHui oTOpOCHUM Bce Jie-
TaJU3UPYIOLIIE COCTABIISIOIINE C JUTMHAMU KOMITOHEHT,
HE MPEBBIAKIIMMA 3HaYeHUs k, paBHbie 5, 10, 15 u 30.
[Tpu yBenmuueHun mnapamerpa k OTJelbHbIE 00JIaCTH CTa-
HYT OoJiee OJIHOPOIHBIMH, YTO HPUBEJET K YMEHBIICHHIO
SHTPONUH U300pKEHNH U Oy/IeT BIMATH Ha UX TIOKa3aTelIn
KadecTBa. TecTHpOBaHKE BHIMOIHEHO C IIOMOIIBIO CPaBHE-
HUSI CKAQTOTO M OPUTHHAIBHOTO M300paKEHHH ¢ Tapame-
TpoM k = 30. JlaHHOE 3HaUeHWE k BEIOPAHO M3 CIICIYFOIINX
COOOpaKeHNI: OHO I0CTATOYHO /TSI OTCEMBAHUS KPYITHBIX
KOMITOHEHT U CIIUIIIKOM MaJlo, YTOOBI TIOSIBUIIUCEH 3aMETHBIE
MCKaXKEHHS.

IlocTpoenue BEUBIETOB OCYILECTBIEHO C IIOMO-
IbIO sI3bIKA MporpaMMmupoBanusi Python n 6ubnuore-
ku PyWavelets. Pe3ynbrarhel ncciaenoBaHuil moka3aHbl B
Tabu. 1, MoNy4eHHbIE MIPH pacyeTe MPOIEHTHOrO OTHO-
IIEHUs], CKOJILKO C)KaToe M300pakeHUe 3aHMMaeT MecTa
OTHOCHTEJIEHO MCXOJHOro. B Tabi. 2 npuBeeHb! 3Haue-
HUSI BIMSTHUS JIByX METOZOB JIEKOMIO3HIINH HA Ka4eCTBO
N300pakeHNs1, KOTOPOE OLIeHEHO uepe3 rnokaszarean PSNR
(MeHBIIE 3HAYCHUE — JTydmwi pesynsrar), SSIM (dem
ommxke k 0, Tem myure pe3yasrar), MSE (dem Gorbiire 3Ha-
YeHHe, TeM JIydiie pesynsrar) 1 NRM (pesysnsrar myudrre
npu cTpemiieHnu K 1). JlaHHbIe ToKa3aTen pacCUUTaHbI ¢
nmomoIpio Python moayns skimage. Busyanbsno nzobpa-
JKEHUSI TIOCJIE TOIIOJIOTUYECKOH JEKOMITO3UIIMU MTOKa3aHbI
Ha puc. 7.

Pe3ynbraThl MHIEKCOB OLIEHKH KaueCcTBa N300paKeHUH
(Tabu. 2) nokaszaiu, 4YTO HAMJIy4IlUe pe3yJIbTaThl IIPH TOMO-
JIOTUYECKOH JICKOMITO3HIIMH MTOTyYEHbI PH HAIMYUH C1a00
3aIIyMJICHHBIX JUIMHHBIX 00BeKTOB WK (oHa. Benencreue
9TOr0 HaWJIYYIINH PE3ylbTaT OKa3aJcsl Ha N300paKeHNH
«Maraszuny, e MHOTO c1a00 3alIyMICHHBIX ATHHHBIX
00bekToB. Ha m3o0pakennn «JIeHa» MPUCYTCTBYIOT OTHO-
TOHHBIE 30HBI, 00pabOTKa KOTOPHIX TP TOIMOJIOTHYECKON
JIEKOMITO3UIUH TT03BOJIMIIA YMEHBIIUTE YHTPOIHIO NIPU
COXpAaHCHHUU BBICOKOI'O Ka4€CTBa I/I306pa)KeHI/IH, 4qTO Ioa-
tBepkaatoT uHaekcbl PSNR, NRM u MSE, numb He3Ha-
YUTEIHLHO yCTyNas BEUBJIET-IIPE0OPa30BAHHUIO 110 UHIEKCY
SSIM. OcranbHble Ba NpUMepa MpHU TOMOJOTHYECKOH
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Puc. 5. TecroBbie nzobpaxenus: Jlena (a); Marasun (b); Kamepa (¢); Kuura (d)
Fig. 5. Test images: Lena (a), Store (b), Camera (c), Book (d)

Puc. 6. Ilpumep ynaneHus AeTaieil Mpyu TOMOJIOTHYECKON JEKOMITO3UIINH: UCXOTHOE n300paxeHue (a); n3o0paxxeHue mocie
TOMOJIOTHYIECKOH AekoMmosunnu npu k = 30 (b). MeTka A moka3bIBaeT, UTO Ha CTEHE TEKCTypa cTana Ooxee paBHOMepHOH, a B 1 C
YKa3bIBaIOT Ha IIPOTIABIINE 3aCBETHI Ha IILISTE U MIEKe

Fig. 6. An example of detail removal during topological decomposition: original image (a), image after topological decomposition at
k=30 (b). Mark A shows that the texture on the wall has become more uniform. Marks B and C indicate missing highlights on the
hat and cheek

Tabnuya 1. CpaBHATENBHBIN aHAIN3 CXKATUS N300paXKEHHUH 1TOCIIe BEHBICT-TIPe0Opa30BaHus M TOIOJIOTNIECKON ICKOMITO3HIINH
anroputMoM RLE, %
Table 1. Comparative analysis of image compression after wavelet transform and topological decomposition using the RLE
algorithm, %

Tormooruueckast IeKOMITO3UIIUS
HasBauue n3zodpaxeHust BeiiBner-npeodpazoBane
k=5 k=10 k=15 k=30
Jlena 96 98 96 95 90
Marazun 94 95 92 90 82
Kamepa 91 96 96 95 95
Kunra 97 98 97 94 86

Hay4HO-TexHMn4eckunii BeCTHUK MHDOPMALMOHHbLIX TEXHONOM I, MEXaHUKN 1 onTukn, 2023, Tom 23, N2 6
1158 Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 6



A.B. Abakymos, C.B. Epemees

Tabnuya 2. OueHka KauecTBa H300paXkeHHIl ocIe BeHBIeT-MPe0Opa3oBaHust U TOMOIOTHYSCKON TEKOMIIO3HULIUH, OTH. €.
Table 2. Evaluation of image quality after wavelet transform and topological decomposition

Usexe T — Ha3zBanue n300paxeHus

Jlena Marazun Kawmepa Kuura

PSNR Beiiner-npeobpazoBanue 38,8489 39,8741 39,7013 38,5273
Tomomornueckasi J€KOMIIO3UIUS k=5 54,3991 51,0493 52,6356 43,7139
k=10 47,8567 43,8544 48,6694 41,9514

k=15 44,3965 41,6243 45,0380 39,8521
k=130 38,8103 34,9010 40,6326 36,6074

NRM BetiBnet-mpeodpazoBanue 0,0208 0,0221 0,0196 0,0262
Tomonoruueckasi J€KOMIIO3ULIHS k=5 0,0034 0,0046 0,0044 0,0081

k=10 0,0073 0,0105 0,0070 0,0099

k=15 0,0110 0,0136 0,0106 0,0127

k=30 0,0244 0,0488 0,0227 0,0209
MSE BeiiBner-npeodpazoBanue 8,4760 11,8659 6,9653 28,7065
Tomomornyueckasi I€KOMIIO3UIUS k=5 0,2361 0,5106 0,3544 2,7649

k=10 1,0651 2,6769 0,8833 4,1489

k=15 2,3627 4,4735 2,0383 6,7276
k=30 11,6300 57,5903 9,3241 18,2569

SSIM BeiiBner-npeodpazoBanue 0,9761 0,98883 0,9779 0,9752
Tomomornyueckasi I€KOMIO3UIHS k=5 0,9986 0,99880 0,9968 0,9983

k=10 0,9960 0,99585 0,9949 0,9939

k=15 0,9929 0,99302 0,9926 0,9875

k=30 0,9769 0,95020 0,9808 0,9710
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Puc. 7. Pesynbrarsl IpenodpaboTKu n300pa)keHui mocie Tornoornyeckoil aekommnosuimu ¢ k = 30: Jlena (a); Marasun (b); Kamepa
(¢); Kuwra (d)
Fig. 7. Results of image preprocessing after topological decomposition at £ = 30: Lena (a), Store (b), Camera (c¢), Book (d)
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OueHka BO3MOXHOCTH NnpUMeHeHna MeToga gekomMmnos3numnm M306pa)KeHVII7I Mo TONOJIOrM4eCKNM NPpmn3HakaM...

JIEKOMIIO3HIINU TIPOJIEMOHCTPHUPOBAIHN d(P(PEKTUBHOCTD,
COINOCTaBUMYIO C BEHBIIETOM-IIPe00paz0BaHIEM.

CreneHb cxaTusl B IPUBEACHHBIX IpUMepax ABISETCA
HE3HAUUTENIbHON, OTHAKO CTOUT 3aMETUTh, YTO B JaHHOU
paboTe paccMaTpUBaeTCsl HE CaM aJITOPUTM CXKaTHsl, a BIIH-
STHAE TOIIOJIOTHYECKON JIEKOMITO3UIINY HA Ka4eCTBO M30-
OpakeHmit. 1 pe3ymbTaThl OKa3ajH, 9TO TOMOIOTHIECKas
JIEKOMITO3UIIUSI COXPAHSIET BBICOKOE KaueCTBO H300PaKEHUS
IIPU €T0 CHKAaTUH. DTO 3HAYUT, YTO PACCMOTPEHHBIH METOJ
MOXHO MHTCTPHUPOBATH B JIPYTHUEC AJITOPUTMBI, HAIIPUMED,
onucanHbie B paborax [19, 20]. [IpeumyiecTBOM TOIO-
JIOTMYECKOM JCKOMIIO3UIINH ABJIACTCA TO, UYTO OHA BJIUACT
TOJIEKO Ha BBIOpaHHBIE 00JIACTH, YTO TO3BOJIHUT N30EXKATH
MIOTEPIO KauecTBa JIIsl BCETO M300payKEeHUsL.

[Ipu pa3BuTHM NPEUIOKEHHOTO MOJX0/a OTCESIHHbIE
KOMITOHEHTBI MOXHO TaK)Ke OTAEIbHO 00paboTaTh JIs
TIOJTyYeHUS! CKATUsI 0€3 TT0Teph, UTO SBISETCS TEMOH /1allb-
HEHIIero nccie 0BaHusl.
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3akJ/iouenne

B pabote mpuBeeHBI pe3yibTaThl UCCICIOBAHUS BO3-
MOYKHOCTH TIPUMEHCHHSI METOIA JCKOMITO3UIIUU H300pa-
JKCHHUS TI0 TOITOJIOTHYSCKUAM TIPU3HAKAM JUIsl YMCHBIIICHUS
SHTPOITUH C HENBI0 CKATHS H300pasKeHUS TIPH COXPaHCHUN
BBICOKOI0 KauecTBa. [loka3aHo, 4YTO NpeIOKEHHBINA MOA-
XOJT TIO3BOJISIET Pa3IeiuTh M300paskeHue Ha rio0aTbHBIE
U JCTaNN3UPYIOMHE CTPYKTYPHI C 3aJaHHON CTEICHBIO
JIeTATN3aIH. YMEHBIIIEHUE YHTPOIIUY MPOUCXONT 32 CUET
0TOpachIBaHUS MaJIO3HAYAIINX 3JICMEHTOB H300paKEeHUS,
YTO TPHUBOAUT K MCKAKCHHUIO HE BCETO M300paKCHUS, a
JIMIIb OMPEICICHHBIX 00iacTeil. DKCcIepruMeHTalbHbBIC
MCCJICJIOBAHUS MTOATBEPAMUIN BO3MOXHOCTh TIPUMCHCHHS
TIPEJIOKECHHOTO TOAXO0/IA ISl CKATHS n300paskeHui. J{ist
JTOTO TMPOBE/ICHA OIEHKA KaueCcTBa M300PaKCHUI MOCIe
HX CXKaTWs ¢ ucnolibzoBanueM nHjaAekcoB PSNR, NRM,
MSE u SSIM. Yucnenaslie 3Ha4€HHUS UHICKCOB ITOKA3aIIH,
YTO METOJT TOMOJIOTHIECKOH JIEKOMITO3UITUH COTIOCTABUM C
BeitBner-peodpazoBanreM CDF97, xotopoe ncmomp3yercst
B JPEG 2000. danpHeifmee pa3BUTHE METOA TOTIOJIOTH-
YECKOM IEKOMITO3UITUH H300paKEHUH MOKET TTIOMOYb Pa3-
paboTaTh MOTHOIICHHBIM METOJ CXKATHs, KaK ¢ TIOTEPSIMH,
TakK 1 0e3 MoTepk.
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Beenenne. [Ipoanaan3upoBaHbl cIOCOOBI IPEACTABICHHS HCKYCCTBEHHBIX HEHPOHHBIX CeTel B ITAaKeTaX MOJEINPOBAHUS
Simulink u SimInTech. IIpuBenensr npuMepsl BU3yalbHEIX CXeM (MOJeJei), ITOCTPOSHHBIX B JAHHBIX MaKeTax
MOJICJINPOBAHMSI C MCIIOJIb30BaHHEM OJIOKOB HEHpOHHBIX cereil. [Toka3aHo, 4TO 3TUM MOJENSIM HPUCYIIH TaKue
HEAOCTATKHU, KaK OTCYTCTBUEC MEXaHU3MOB IIPOBEACHUA CprKTypHOi’I ONTUMHU3AIU NCKYCCTBECHHBIX Hei’lpOHHle
ceTei, OTCYTCTBHE BO3MOKHOCTH X OOBEAMHEHUS B aHCAaMOIM U 00yueHHUs] HEHPOHHBIX CeTeil OJHOBPEMEHHO
¢ pabotoii Momenu oObekTa ynpasieHus. [Ipu mocTpoeHnHn HEHPOCETEBBIX MOAENIEH yIpaBICHHUS 3aTPYAHEHO
HCTIONB30BaHUE crienuanu3npoBanHbix oudmmorex Python (Keras, PyTorch u np.) u cpensr NeuroGenetic Optimizer
(BioCompSystems). Meton. [Toka3an crioco6 peann3anuy MOAENeH HCKYCCTBEHHBIX HEHPOHHBIX ceTell B popMai3Me
METOJ]Ja MHOTOYPOBHEBBIX KOMIIOHEHTHBIX Ierneid. COrracHo MpeuIoKeHHOMY cIiocoly, MOCTpOeHHe MoJenel
00BeKTa M CUCTEMBI yNPaBJIEHUs OCYIIECTBISIETCS HAa BU3YaJIbHOM SI3bIKE M3 FOTOBBIX OJIOKOB (KOMITOHEHTOB) C
HaIpaBJICHHBIMU U HEHANPABICHHBIMU CBS3SMU. MeTOIMKa MHOTOYPOBHEBOT'O MIPE/ICTABICHHS HEHPOCETEBBIX MOIEIEH
yhnpaBJI€HUS CBA3LIBACT MOACIIN C IPYTUMU HHCTPYMEHTAMH METO/1a KOMIIOHEHTHBIX ueneﬁ. OcHOBHBIE pe3yiabTarhbl.
IIpennoxeHsl BApHaHThl MOJIENIEH HEMPOHHBIX CETEHN ¢ MHKAINCYJMPOBAaHHON M KOMIIOHEHTHOM cTpyKTypamu. [lepBblit
BapUAHT XapaKTePU3yeTCs] KOMIAKTHOCTBIO MOJIENH YIPABICHHs, BO3MOKHOCTBIO aBTOMATH3UPOBAHHON BapHallUK U
ONITHMH3AINH CTPYKTYPhI HEHPOHHOM CETH, BO3MOXKHOCTBIO H3MEHEHHS CTPYKTYPBI CETH BO BpeMs pabOThI MOzenn
IIPU BEIYHUCIUTEILHOM SKCIEpHMenTe (creHapuu). Bropoii BapnaHT 001aiaeT BO3MOXXHOCTBIO JIETAIBHOM OTIaIKH,
HCCIIeI0BaHMs Ipoliecca 00yUeHHUsI CETH M KOHCTPYHPOBAHHS CETH JI000H CTPYKTYpHOH crokHOCTH. [IpencraBieHo
OIMCaHNE CBsI3eH OCHOBHBIX Pa3pa0OTaHHBIX KOMIOHEHTOB — HEHPOHHOH CeTH, OJIOKOB 00y4YeHUs, 00beIMHEHHS
HelipoceTeil B aHcaMOIb (O9TTHHT), YTeHUs AaHHBIX U3 (daitna, popMUpOBaHUS BEIOOPOK M CIIOEB HEHPOHHOW ceTH
(BXOHOH, CKPBITHIH, BBIXOAHOH). PaboTa KOMIIOHEHTOB MPOUJUTIOCTPUPOBAHA HA pealn3allid MHOTOYPOBHEBOM
KOMITBIOTEPHOM MOJIENTH HEYTIPABIISIEMOTO MONIeTa Tena (LeNH) M yIpaBIsieMoro MojieTa CHapsaa s PeIleHus 3a1aun
YIIPaBJICHUS TPACKTOpUEN CHapsIa ¢ eNblo nopaxeHus nean. Oocyxaenune. PazpadoranHslie OnOIMOTEKH KOMIIOHEHTOB
MOTYT OBITh HCIIONIB30BaHBI B COCTaBe cpeabl MojenupoBanuss MAPC ans mocTpoeHHs MHOTOYPOBHEBBIX CHCTEM
YTIpaBICHNS 00BEKTaMH MYITETH(QH3NIECKOH TPHPOIBL.
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Abstract

The paper analyzes the features of representing artificial neural networks in Simulink and SimInTech. Examples of
visual schemes (models) built in these modeling environments using neural network blocks are given. The following

© Kouepruu M., 2023

11 62 Hay4yHO-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MeXaHUKn 1 ontukn, 2023, Tom 23, N2 6
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 6


http://ntv.ifmo.ru/
http://ntv.ifmo.ru/en/
mailto:maksim.i.kochergin@tusur.ru
https://orcid.org/0000-0001-7404-8718
mailto:maksim.i.kochergin@tusur.ru
https://orcid.org/0000-0001-7404-8718

M.W. KoyepruH

shortcomings of such representations are the lack of mechanisms: for carrying out structural optimization of neural
networks, for combining them into ensembles, for training them synchronously with the simulation of the object model.
It was noted that there are difficulties in using other tools, such as specialized Python libraries (Keras, PyTorch, etc.),
the NeuroGenetic Optimizer (BioCompSystems) for building neural network control models. A method is shown to
implement the representation of neural networks in the formalism of the method of multilevel component circuits,
according to which the construction of models of an object and a control system is carried out in a visual language from
ready-made blocks (components) with directional and non-directional connections. A technique has been developed
for multilevel representation of neural network control models, which allows them to be combined with other tools
of the component circuit method. Two options for representing neural networks are proposed: with an encapsulated
structure and with a component structure. The first version of the representation is characterized by the compactness of
the representation of the control model, the possibility of automated variation and optimization of the structure of the
neural network, and the possibility of changing the structure of the network during the executing of the model within a
computational experiment (scenario). The second option has the ability to perform detailed debugging and research of
the network learning process, and the ability to construct a network of any structural complexity. The paper describes the
main developed components with their connections: a neural network, a training block, an ensemble unit (bagging), a
block for reading data from a file, a sampling block, a neural network layer (input, hidden, output). A multilevel computer
model of the uncontrolled flight of a body (target) and the controlled flight of a projectile is presented as an example
to illustrate the operation of the developed components to solve the problem of controlling a projectile to hit the target.
The developed component libraries can be used as part of the MARS modeling environment to build multilevel control
systems for objects of a multiphysics nature.
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BBenenue

Bonbmryio poins B MOAETMPOBAHNN CHCTEM yTIpaBlie-
HUS TEXHOJIOTHYECKUMH IpOoLeccaMyu 1 poOOTH3NPOBAH-
HBIMH CHCTEMaMHU MTPAIOT MHTEIIEKTyalbHbIE CHCTEMBI
ynpasnerus (UCY) [1]. UCY cnoco6HBI MOAETHPOBATh
paccyKICHHUs YelI0BeKa-0epaTopa BO BPeMs IPUHSITHS
pemenust. CylecTBYIOIME B HACTOSIIEE BPEMsI KOMILIEKCHI
NporpamMM He MO3BOJISIIOT B MOJHOW Mepe pa3paldarbiBaTh
cnoxkusle ICY. YHUBepcaabHbIE MAaKeThl MOAEIUPOBAHUS
(Simulink, SimInTech, Wolfram SystemModeler u np.)
HE Jal0T BO3MOYKHOCTH IIPOEKTHPOBATh U pa3padaThIBaTh
HepapxUuecKue CUCTEMBI yIpaBieHus [2], OCylecTBIIs-
IOIINE WHTEIJICKTYAIbHOE 1 afanTHBHOE [3] ynpaBieHue
CIIO)KHBIMHU TUHAMHUYECKUMHU CHCTEMAaMH. JTO CBA3aHO
C TeM, YTO YHUBEpPCAJIbHbIC MAKEThl MPEATIaraloT TOIBKO
OTpaHWYCHHBI Ha0Op METONOB W PEIIaloT Y3KUN Kiacc
3aj7a4. B cBoro ouepenp, CHENUATM3UPOBAHHOE POTPaMM-
HOe obecredeHue AJIsl TOCTPOEHUs MOJiesIell MallIMHHOTO
00y4eHUs He TO3BOJISIET MOJACIUPOBATh OOBEKTHI yIpaB-
JICHUS C JOCTATOYHOH TOYHOCTHIO U HE 1aeT BO3MOKHOCTh
0TpabOTKH MPOCKTUPYEMON MHTEIUICKTYaTbHONH CHCTEMBI
Ha YK€ MMEIOINXCS MOJIEIISIX TEXHUYECKUX OOBEKTOB HIIH
nporeccoB. Hampumep, cpena NeuroGenetic Optmizer
rxommanuu BioCompSystems MoxkeT 1o c(hopMHPOBAHHOM
oOyuaromei BEIOOpKe «IapaMeTpbl CHCTEMbI — YIpaBJIs-
foree BozaelicTere (Wn Kod(PPUITMCHTHI PEryisiTopa)»
MOJYYUTh MOJIEJIb HEHPOCETEBOI CHCTEMBI YIIPABICHUS,
HO UMEET CJIOKHOCTU C MHTErpalueil nojay4eHHOH Mo-
JIeNIN YIPaBICHUS C MOJEIBIO HCCIETyeMOro 00beKTa B
KakoH-1100 cpesne MM Ha sI3bIKE MPOrPaMMUPOBAHMUS,
KOTOpasi MOJKET (DyHKLIHOHUPOBATh OJTHOBPEMEHHO C pealib-
HBIM 0OBEKTOM PH IIOCTPOSHUHU MOJIEIIeH THIIA IIU(POBOTO
nBoiHuKa. C aHaJIOTMYHON MPOOJIEMON MOKHO CTOJIKHY Th-
Csl, UCTIOJB3YsI OMOIMOTEKH 00Yy4YEeHHSI HCKYCCTBEHHBIX

uHeripounsx cereir (MHC) tuma Keras, PyTorch s3pika
Python, Tak xak Python He mmeer OnbamoTEK, TPeOyeMbIX
JUISl IOCTPOEHUS MOZieNell TEXHNUECKUX, (PU3MUECKUX HITH
JIPYT'HX CUCTEM W3 TOTOBBIX OJIOKOB, U €r0 UCIIOJIb30BaHNE
noTpedyeT MpOrpaMMHUPOBAHNUS AOTIOTHUTENBHBIX MPOLIe-
nyp (ureHue, npeaoopadboTKa JaHHBIX U JP.).

KocBeHHBIM OATBEpKACHHEM (KPOME HEIIOCPE/ICTBEH-
HOTO aHajM3a (yHKIMOHAIBHBIX BO3MOKHOCTEH CHCTEM)
HEJIOCTATKOB CYIIECTBYIOIIMX ITPOrPaMMHO-HHCTPYMEH-
TAJBHBIX CPEJICTB SIBISIETCSI HOTPEOHOCTD MCCIeioBaTeNei
W3 Pa3HBIX MPEAMETHBIX 00IacTel B pa3paboTke COOCTBEH-
HBIX permennii [4—6]. PazpaboTka takux UCY «c Hymsa»
MPUBONT K CO3/IaHMIO y3KOCIICIINATM3HPOBAHHBIX CHCTEM,
HaIpPaBJICHHBIX Ha pEIICHHE KOHKPETHOH 3a7a4H, a ux
MouduKanys B cliydae H3MEHEHUS 00bEKTa yIpaBICHU
N MaCH_ITa6I/IpOBaHI/Ie ABJIAOTCA TPYAOCMKUMU 3aJa4aMU,
BILIOTH JI0 pa3pabotku HOBbIX MCY, uTo jnenaer akryalib-
HOH pa3pabOTKy YHHBEPCAIBHBIX CPEJICTB MOJICIUPOBAHHS
HCY, B Tom umcie Ha 6aze MHC.

Llens Hacrosieit padboThl — pa3padoTKa METOANKH MO-
CTPOCHHSI MHOTOYPOBHEBBIX HEHPOCETEBBIX CHCTEM YIIPaB-
nenust u peanusanyst npencrasienus MTHC B popmannzme
METOJIa MHOTOYPOBHEBBIX KOMITOHEHTHBIX Iierieit (MMKLI)
[7], mo3Bomnsttomero cocraBmats apxutektypy MHC u3 ro-
TOBBIX OJTOKOB (KOMIIOHEHTOB) C HAIIPABJICHHBIMH CBSI3SIMH.

O030p aHaj0roB

B kauecTBe OCHOBHBIX aHAJIOTOB CPEN ITAKETOB MOJIE-
JMPOBAHMUS C BO3MOKHOCTBIO npoektuposanus MHC pac-
cmotpumM makeTsl Simulink (MATLAB) [8] u SimInTech [9].

Pacuernas cxema Hefiponnoit cetu B SimInTech npen-
CTaBJISIET COOO HaNpaBIeHHBIHN Tpad w3 6I0KOB OHOTHOTE-
ku «Hettponnsre cetn». Kaxnprii 610k (puc. 1) oTHOCHTCS
K OIHOMY M3 Tpex TuroB: oguH u3 cioeB MHC (IN, D u
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Peannsaumsa HEMPOHHbIX CETEN B METOAE MHOIMOYPOBHEBbLIX KOMMOHEHTHbIX LLEenemn

Dataset IN ~p» D —p OUT
' WORK
. MODE
[ /] \

Puc. 1. Heitponnas cetp Ha cxeme B SimInTech

Fig. 1. Neural network on the scheme in SimInTech

OUT — «BxonHoii cnoiy, « CKpbIThIH ci10i» 1 «BbxoaHoi
cioii»); Dataset — 6ok «Mcrounuk ganubix»; WORK
MODE — 6ok «Pexxum paboTs», 0ok «I'paduk» mis
BHU3yaTH3aIliy pe3ynbTaToB ooydenus. Tomomorus MHC
ompeneneHa cBsi3siMu OmokoB. Pacuernas cxema MHC
JIOJDKHA HAYMHATHCS ¢ Oytoka «BxoaHoH ci10ii» 1 3akaH4n-
BaTbCs OT0KOM «BBIXOMHOM €TI0, HO MEKIY HUMH MOTYT
cien0Barh JIH00bIe 0JI0KU-CiIoU. 110 MEKOIOYHBIM CBS3SIM
MEXy OJIOKaMHU-CIIOSAMHU TEepeaaroTCsl He CaMH 3HAYCHUS
CHTHAJIOB, a CBOMCTBA CJIOS AT MOAKIIIOUEHHS CIIeAyoIe-
TO CJI05 K TIPEBITyIEMY.

biioxk WORK MODE mno3Bonsier BrIOparh 1moJib-
30BaTeNIO OJIMH U3 PEKUMOB pabOTHl HEHPOHHOU CETH
(«O0yuenue», «CpaBHeHue», «OnpeneneHne») u MOKeT
T10/1aBaTh Ha BBIXOJ] MOKa3aresy TouHocTH 00y4yenust MHC
WJIN HETIOCPEJICTBEHHO €€ OTKIJIMK. Tak Kak MKy CIOSMH
HNHC B SimInTech mepenarorcst He TaHHBIE, a CBOWCTBA
CETH, TAKOE MPEICTABICHUE HE MO3BOJSIET OTCIE)KNBATh
3HAYEHUS] CUTHAJIOB Ha BBIXOJI€ KAKOTO-TNO0 U3 CI0EB
MHC, B cBsI31 ¢ 4eM JeaeT HEBO3MOKHBIM HCII0JIH30Ba-
HHUE aJITOPUTMOB 00YYEHHs, OTCYTCTBYIOIINX B OHOMMOTEKE
pa3paboTumKa, U MOXKET 3aTPYAHSITh OPraHU3aIHIO0 PAOOTHI
Heckonbknx MHC npu oObeuHeHH UX B aHCAMOJIH.

W3-3a oTcyTcTBUS OJOKOB sl OOy4YEHUs MaKeT
Simulink we no3Bonsier cuaxponno odyunts MHC ¢ pa-
6otoii Mozienn oObekTa yrpasieHus. [Tpu stom Simulink
JIOCTYIIEH UMIIOPT B BuJe subsystems-0iokoB (puc. 2)
mo0srx MTHC, o0ydeHHBIX B Apyrux Momynsx MATLAB:
Statistics and Machine Learning Toolbox, Deep Learning
Toolbox mmu Neural Network Fitting.

B omnrume ot maketa SimInTech, mannast Mmomens momy-
YaeT JaHHbIE C KayKAOT0 CJIOsl, a MOJKIIIOUCHNE COOCTBEH-
HbIX M-yHKImi Ha si3ike MATLAB pacuimpsier Bo3mox-

e s

HoctH ucnoib3oBanust MHC B Simulink B cooTBeTcTBHY C
3aJja4aMy UCCIIe0BaTes.

OO0mue HeToCTaTKH PacCCMOTPEHHBIX TTOAXO0B 3a-
KITIOYAIOTCsl B OTCYTCTBUH: MEXaHHU3MOB CTPYKTYPHOMH O11-
tuvm3aruu MHC (T. e. aBTOMaTH3UPOBAHHOTO MOI00pa
xoupurypanun MHC (ducio coes, KOTHIecTBO HEHPOHOB
B HUX, BUJ QYHKITUH aKTHBAIINH) B CTOPOHY YMEHBIIICHUS/
YIPOIIEHHsI C COXPAHEHUEM 3aaHHON TOYHOCTH PabOThI
(MM CKOPOCTH OTKIJIMKA) WM B CTOPOHY YBEIMUYCHUS JUIS
JIOCTV)KEHHS! yKa3aHHON TOYHOCTH); HHCTPYMEHTOB 0TOOpa
JYYIIUX MOAEJeH U3 uncia o0y4eHHBIX W 00benHe-
HUSI Pe3yJIbTAaTOB UX PabOTHI B aHCAMOJIN; BO3MOXKHOCTH
o6yuennss MHC cMHXpOHHO C aHaIN30M MOAENIN 00beKTa
yIIpaBJICHUSI.

Jlanee KpaTko pacCMOTPHM TIpeylaraeMoe MHOTOYPOB-
HeBoe npezctasienne MHC, HanpaBieHHOe Ha ycTpaHeHHe
MIePEYHCIICHHBIX HEOCTATKOB.

MHOI‘prOBHeBl)le KOMIIBIOTEPHBbIC MOAEIN

IIpuBenem ocHoBHble nojoxeHuss MMKI[ — ocHOBBI
npeanaraemoro npeacrasinenus MHC, u ero mporpamMmmHoit
peanusanuu B cpeae Mmopenuposanus MAPC! [10].

Kaxmyro Momens mpencTaBuM KOMITOHCHTHOW IICTIHIO
(KII) C = (K, B, N), cocrosieii U3 MHO)KECTB: KOMITOHECH-
ToB K, y310B N u BeTBel B. Kaxxaplii K COOTBETCTBYET
00BEKTY, MPOTIECCy WU TapaMeTpy perraeMoi 3amaqu,
o0aiaeT CBOMCTBAMHU M OIMCHIBACTCS MATEMATHYCCKOM (Ha
00beKmHoOM c10€) WK alTOPUTMUYECKON (Ha J102uueckom
cnoe) MoJieTbio. N B MOJIETTH COOTBETCTBYIOT ITapaMeTpam 1

I O3nakoMuTenbHas BEpCHUs JIOCTYIHA MO cchUike: https://
github.com/mikochergin/SE. MARS demo_doc

Bxoanoii cioii 1 Cioii 1 Cioii 2 BrixonHoii ciioi
c
[Ipeauxropsl Otk
>
MmnoptupoBanHas |
HeifpoceTb Bxox cios 1 3anepxkka Bekrtop BecoB w L p _|_ L p

Cymma OyHKIMA Brixon
AKTUBAIIKA cinos 1
Cmemienue b tansig

Puc. 2. ImnopTtupoBaHHbIii 610K Heipocetn B Simulink (a) u ero nexommosuiyy Ha ciou (b) u Ha 31eMeHTsI (¢):
input — cBsI3b BXoza, output — cBs3b Beixoaa, NNET — Gnok HefipoHHOI ceTn

Fig. 2. Imported neural network block in Simulink (@) and its decomposition into layers (b) and elements (c)
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NepEMEHHBbIM. B ka10M 13 N BBIIIOJIHAOTCS 1BA TOIOJIO-

THUYECKUX 3aKOHA: 3aKOH PaBEHCTBA MOTEHIIUAIBHBIX Tepe-

MEHHBIX BCEX CBSI3€H, MOACOETNHEHHBIX K OTHOMY Y311y, U

3aKOH PaBEHCTBA HYJIIO aredpanyeckoil CyMMBbI IIOTOKOBBIX

TIEPEMEHHBIX, BXOIALINX B OAMH y3el. Tomoiorunyeckue

cBsi3u K onpenensitorcest MHOkecTBOM B. [Tpu ananuze KL

BBIUHMCIIUTEIBHOE SI/IPO aBTOMATHIECKN COCTABIISIET CUCTE-

MbI YpaBHEHUI Ha OCHOBE MaTeMaTu4yecKux mozenei K u

TOTIOJIOTHYECKHUX YPaBHEHHUH UX CBs3ei [7].

CTpyKTypa MHOTOYPOBHEBOH KOMITBIOTEPHOW MOJIEIIH,
Kbl CJIOH KOTOPOU CONEp kKHUT cBOIO oTAenbHyto KII,
NpejcTaBlIeHa Ha puc. 3.

CTpyKTypy MHOTOYpPOBHEBOM KOMITBIOTEPHOU MOJIEIH
OTIPEJICJINM CIIOSMU TPEX THUIIOB.

— Obwexmmuuiii crou copepxut KL, onuceiBaronryo Mo-
JIelTb UCCIIlyeMOro 00BbEeKTa, HallpuMep, dJIeKTpUye-
CKOH ILlenH, KWHEMAaTHUK! U JINHAMHUKH poOOTa-MaHU-
myasitopa. K1 aToro ciost MMeroT HeHanpaBIeHHbBIC
CBSI3H M COCTABIIIOTCS M3: CXEeMOTEXHHUUECKHUX OJIOKOB
(MHEePIMOHHBIX 3BEHBEB, HHTETPATOPOB H JIp.), CTPYK-
TypHO-(pr3ngecknx 610K0B (Tpyda, HacoC, cenaparop u
Jp.) WIM MaTeMaTH4eCKuX TTaHeNeH A7si BBOAA MOJEIHN
B aHAJTUTUYECKOM BUJIC.

— Jloeuueckuti cnou coaepxut K1 ¢ HanmpaBieHHBIMU
CBS3SMH, ONPEACIAIONINE ClIeHapUi MPOBEICHHS BbI-
YUCJIIUTEIBLHOTO SKCIIEPUMEHTA MIIM 00pabOTKH ero
pe3yJIbTaToOB, a TAK)KE aJITOPUTM MOBE/ICHHS 00BEKTa,
4bst Moenb B Busie K1 pacrnonaraercsi Ha 00bEKTHOM
cioe. Ha 3TOM crioe oCyIecTBIIsIIOTCS] BCIIOMOTaTelb-
HBIE pacyeThl U OTIepaIny.

— BusyanvHulil c1oti CONEPKUT UHTEPAKTUBHbBIE CPEICTBA
YIpaBICHUS MOJIENBIO (PEryIsSTOPEI, IUPPOBBIE TaOIIO
u 7p.).

KOMITOHEHTBI 102UUecKk020 €105 OTHOCSTCS K A3BIKY
MOJICIMPOBAHNUS ANITOPUTMUUYCCKUX KOHCTpYKIwii [11] u
B3aUMOJICHCTBYIOT COIIACHO €0 MEXaHU3My Ieperadn
COO0O0IICHNI: HH(POPMALIMOHHBIC CUTHAJIBI IEPEIAFOTCS OT
HCTOYHUKOB K ITPUEMHUKAM, HHULUHUPYSI IOBEJCHUE KOM-
TIOHEHTOB Ha KaX/I0HM MTepaluu pacdera Mojenu. Takum
o6pazom, BkitoueHrne MHC B 3TOT cito#f mo3Bosimio op-
ranu3oBarh obyuenne MHC ogHOBpeMeHHO ¢ paboToii
MOJIEIH YIIPABICHHUSI.

[IpuMep MHOTOYPOBHEBOW KOMITBIOTEPHON MOJCIIH
npejcrasieH Ha puc. 4. Ha odwexmuom croe ¢ npumene-
HHEM MaTeMaTUYCCKUX MMaHes e 3aaHbl MOJCITH IBHKCHUS
JIBYX OOBEKTOB, TAC CHIIBI FX, Fy UMUTHPYIOT BO3ICHCTBHE
nBurareneit Bmonb ocet OX, OY.

MeToHMKAa IIOCTPOECHUS] MHOTOYPOBHEBbIX
HelipoceTeBbIX CHCTEM yNPAaBJIEHHUS

B pamkax popmamuzma MMKIL] npennoxens! iBa Ba-
puanta mozaeneit MHC: ¢ uHKancynupoBaHHONW M KOMIIO-
HEHTHOH CTPYKTYypaMH, KOTOpPbIE MO3BOJISIOT BKIIOYATh
Boruncaurensusie moaen MHC B koutyp KL ynpasnenus
uccnexyeMbiM o0bpextoM [12, 13].

ITepssrit BapuanT monenn MHC mompa3ymeBaert, 9to
nccnenoBarens 3a1aet crpykrypy MHC ¢ momormisro mapa-
METpH3aIuu 0HOTO OoKa (puc. 5), a BTopoit — Gopmu-
pyet ctpykrypy MHC nocnoitHo (13 HECKOTBKUX OJIOKOB)
C 3a/1aHUEeM UX TOIOJIOTHH.

Komnonent MHC pacnionaraercst Ha oeuueckom cioe
MNe 2, tae oH coeauHeH ¢ perysstopoM [14, 15] (umu Hamps-
MYIO C y3JIOM 00bEKTa yIpaBICHUs) U Pa3IMYHBIMU H3Me-
PUTEISIMH ¥ CPEACTBAMHU Bu3yaim3anuu. Ha stom cioe pac-
TIOJTAraloTCs MIEPEKITIOUaTEIbHBIC MOJICIIH THIIA THarpaMm
cocTosiHul [16], onpeaensitoye NOBEJECHUE MOICUCTEMBI
WCY Ha naHHOM ypOBHE MEPapXHH, YTO TO3BOJISIET TIepe-
KITIOUaThCS 10 YCIOBHUIO ¢ onHoW ynpasistromeit THC Ha
npyryro. OCHOBHAA 3a/1ada Cliosi — o0ecredeHne padoThI
HCY B perxumMe 3KCieprMeHTa (aHaJI3a PeKUMOB SKCILUTY-
aTaryy UCCIIeyeMOro OObeKTa).

Wudpactpykrypa mis odyuenuss UHC, rerepanuu BbI-
OOpOK M OIIEHKH KauecTBa 00yueHHUs pacroiaraercsa Ha
noeuveckom cnoe Ne 1. Cnoit MOXKeT OTCYTCTBOBATh (MU
OBITh HC aKTHBHBIM), €CJIH CETh ObLIa O0OyUueHA 3apaHee U
HE TpeJmoiaraeTces ee «aoodyuenue» [17, 18].

Henocrarok nepBoif Mojienu — OTrpaHUYCHNE apXU-
TekTypsl npoexktupyemoit UHC cTpykTypoii cetu npsMoro
pacnipoctpaneHus. st Apyroit apXuTeKTypbl HEOOX0Ma
pa3paboTKa HOBOTO TUIIOBOTO KOMITOHEHTa. [IpenMymiecTsa
nmauaoit Mogenmn MHC 8 MMKI: koMmakTHOE TIpeacTaB-
nenue KL yrmpaBieHust eTuHBIM OJI0KOM; BO3MOKHOCTB
JUHAMHYECKOTO (BO BpeMs pabOTHI MOAEIN) N3MEHEHUS
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Puc. 3. CTpykTypa MHOTOYPOBHEBOH KOMITBIOTEPHON MOJETH

Fig. 3. The structure of a multilevel computer model
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Puc. 4. MHOTOypOBHEBasi KOMITBIOTEPHAsI MOJIEIb TT0JieTa Tena (1ielib) U CHapsiia: HHTep(eiic yIpaBieH s MOJICIbIO (a);
BH3yallM3alHs Pe3yIbTaTOB MOACINPOBaHUS (D); BCIIOMOraTebHbIe pacyeThl U Mpeodpa3oBaHus (¢); Mojean 00bEeKTOB (d)

Fig. 4. Multilevel computer model of the flight of the body (target) and projectile: model control interface (a); visualization of
modeling results (b); supporting calculations and transformations (c); object models (d)

crpykrypsl MTHC npu no6aBiennn/yaieHun IpU3HAKOB Bropoit Bapuant moxenn MHC 8 MMKI] — ¢ kom-
B BBIOOPKE JaHHBIX WIM B CLEHAPUSAX MCCIECIOBAHUS pe-  MOHEHTHOH CTPYKTYPOH, 3aKIFOYaeTCsl B TOM, YTO HEipo-
3ynbratoB pabotrsl MHC ¢ pa3numdHBIME mapamMeTpamMu;  CeTh (pHC. 5) mpeAcTaBiIeHa B JCKOMITO3MPOBAHHOM BHIIE
BO3MO)KHOCTh aBTOMATH3UPOBAHHOM BapHallMy ¥ ONTUMU- M COCTABJICHA HCCIIEAOBATENIEM M3 KOMIIOHCHTOB THIIA

3alKu CTPYKTYPHI HeipoHHO# cetu [19, 20]. «Bxonno#t croit», «CKpPBITHIA Clloi», «BBIXOTHON CIIoi».
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Puc. 5. KoHnentyanbHoe TpeICTaBICHNE HEHPOCETEBOM MOIETH yIIPAaBICHUS 00BEKTOM

Fig. 5. Conceptual representation of a neural network model of object control
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Ta6}luua. Ornucanue peaIM30BaHHBIX KOMIIOHEHTOB UCKYCCTBCHHBIX Heﬁpom{mx cerei

Table. Description of the implemented components of neural networks

HasBanue

M3obpaxenue

Onucanue

HeiiponHnas cets
(MHKaICYTHpPOBaH-
Has CTPYKTypa)

HWcnonesyercst anst 3apanus apxutektypsl MHC u momyueHus oTkiika Ha
BXOJIHBIE JTAHHBIE.

Bxoawbl: S; — 111 0OOHOBIEHHBIX B IpoIiecce 00yueH s BECOBBIX Kod(hdu-
IUEeHTOB (OT KOMITOHeHTa «birok oOydeHus»); S| — A yIpaBIAIONIEro
curnaia, nepesozsmiero MHC n3 cocTostHust IpOCTOst B COCTOSHHE pabOThHI
1 Ha060poT; S, ... S, — IMHAMHYECKH N3MEHAEMOE KOJINUECTBO Y3/I0B UL
BXOJIHBIX JIaHHBIX, Ha koTopble IHC dopmupyer oTKIHNK.

Beixon: S, ... S, — U1 CHOPMUPOBAHHOTO OTKIIUKA.

ITapameTphbI: KOJIMYECTBO CJIOEB U HEHPOHOB, CIIUCOK (yHKIIMI aKTHBALINH.

Bbrnox oOyuenns

HWcnonssyercs st o0yuenuss MTHC na BEIOOpKE TaHHBIX.

BxonpbI: Sy, S| — mis oOyuatomieii BbIGOpKH, S, S3 — 111 TECTOBOH BBIOOD-
KH, S — I CUTHAJIA yIPABIISIOIEr0 PXXUMOM 00yueHus; Sy ... S, — s
peasibHOro otkinka MHC.

Beixoa: S5 — nuist BeIBoa o1nOKy; Sg — Juis paccuntannbix Becos MHC.
ITapamMeTphbl: METPUKA TOYHOCTH, METOJ ONITUMHU3ALIMHU, KOJIMYECTBO IOX
o0yuenusi, batch size, learning rate.

Barrunar

HWcnons3yercs it moctpoenus ancam6ieit MHC.

Bxoawr: S ... S, — mna orkimkos MHC.

Beixon: Sy — 1151 pacCUMTaHHOTO YCPETHEHHOTO OTKIIMKA.

IMapametpoi: Beca MHC, pexum ycpeaHenus: (MeTo oM OOJbIIMHCTBA
TOJI0COB — JUISl IMCKPETHOM BEIIMYUHBI, CpeIHEe apu(pMEeTHIECKOe — UL
HETIPEPHIBHOM BETNYHHBI).

Urenue u3 daiina

Hcnosb3yeTcst uis uTeHHs: HAOOPOB JTAHHBIX M3 (aiina.

Bbixon: Sy — 11 MaccuBa CYUNTAHHBIX IPU3HAKOB/METOK.

IlapameTtpspl: TUII IEpEeMEHHOH (MIPU3HAK — MaTpHLA, METKAa — BEKTOP),
HOMepa CTOJIOLOB I YTeHUs, THI (aiina.

DopMUpPOBaHUE BbI-
Gopku

HWcnonb3yerces st pa3dueHus HabOpoB JaHHBIX Ha 00y4ArOIIyI0 U TECTO-
BYIO BEIOOPKH.

Bxoawi: S, S| — A7 CYUUTAHHBIX 3HAUYEHUH (IPU3HAKOB M METOK).
Beixoabl: S, S3 — s oOy4aromieil BBIOOPKH (IPU3HAKH U OTKIIHK), Sy,
S5 — U1 TECTOBOM BBIOOPKH.

IMapameTtpsI: nois 00yJaromel BEIOOPKH, KOHCTaHTa JUISl BOCIIPOM3BE/Ie-
HUSI CITy4aifHOTO pacrpeseneHns BEIOOPKH.

BxonHOM, CKpBITHIH,
BBIXOJHBIE CIOU
(KOMUTOHEHTHAs

CTPYKTYpa)

HWcnonesyercs anst 3aganust apxutekrypsl MHC, Tonomoruu cBsseit u mo-
JIy4eHHs] OTKJIMKA Ha BXOJHBIC JJAHHEIE.

Bxoasbi: Sy — 1 BXOAHBIX JaHHBIX (1pu3HaKoB), Ha koTopsie THC ¢op-
MHpYET OTKIIHUK; S — 1711 OOHOBJICHHBIX B IIpoLiecce 00yueHHs BECOBBIX
ko3 purmenTos (0T koMnonenTa «binok o0ydeHus»); Sy — 11 ynpasis-
rolero curnana, nepesozsiiero MHC u3 coctosHus IPOCTOS B COCTOSIHUE
paboTbl U HA0OOPOT (TOJNBKO y KOMITOHEHTa «BX0mHOM cioii»).

Boixoa: S, — 151 chOpMHUPOBAHHOTO OTKIIMKA.

IMapamMeTpbI: KOJIMYESCTBO HEHPOHOB B ClI0€, (DYHKIIUH aKTHBALHH.

Taxast monens mo3BosseT: crpouts MHC mpounsBonbHOI
CTPYKTYpBI (100aBIIsiTh 0OpaTHbIE CBS3H, NapajuICIbHO
pabotatomue ciou); paccmarpuBate MHC kak o0ObekT
WCCIIeIOBaHMs, @ HE MHCTPYMEHT, YTO JaeT BO3MOKHOCTh
OLICHUTDH XOJI BBIUMCIICHUS OTKIHUKA, XOJ €€ 00ydeHHs,
BBIXOJIHBIC 3HAYCHUS OTACIBHBIX CIIOEB U T. 1., IIPU 3TOM
coxpansist pyrkmmro MHC kak cucTeMsl ynpaBieHUs 00b-
EKTOM.

Onucanue pa3paborannbix komrnonentoB MHC B dop-
manuzme MMKI] npuBenieHo B Tadnuire.

Buewnnii Bua rpadguueckoro mHrepdeiica mis
HacTPOMKHM KOMIOHEHTOB THHa «biok oOydeHus» u
«HeliponHas ceTb» IoOKa3zaH Ha puc. 6.
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Tun cios:
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KomugecTBo HEHPOHOB B ClIOE:

relu v
Tun cios:

CxpHITEIE

Tun cmos:

cA 4
-H i

KomaecTBO HEHPOHOB B ClIoe:

] EETIEIE

KomuuecTBo HelipoHoB B cioe: PyHKIHA aKTHBALIMHE:

b
V Bioxk obyuenusn 1: IlapavMeTps KoMImoHeHTa X

MeTpuKa /1A ONEHKH OIIHOKH:
[Mcvapigquated Error (MSE) V]
MeTox ONTHMH3ALHH LI IOAO0PA BECOB:

v

A
Uncito 310X 00ydeHuA:

Toon 1= 8

Pasmep naxera xanssx (Batch size):

s ==

Kospdpuuuent ckopoetr obdydenus (Learning rate):

Puc. 6. OxHa HACTPONKY apXUTEKTYPHI (@) 1 napamMeTpoB o0yueHwHs (b) HEHPOHHOH ceTn

Fig. 6. GUI for setting up the architecture () and training parameters (b) of the neural network

Trainer

Puc. 7. DparMeHT MHOTOYPOBHEBOW MOJIEIHN JUIsi 00y UeHHMs
Helipocet: HHGPACTPyKTypa Ut 00ydeHus cetu (a);
HelpoceTeBast MOzIeNb yrpaBieHus (b); BU3yanu3ars

PEe3yIBTaTOB MOZICITHPOBAHUS (C)

Fig. 7. Fragment of a multilevel model for training a neural
network: infrastructure for network training (a); neural network
control model (b); visualization of simulation results (c)

IIpumep MHOTOypOBHEBOIi HelipoceTeBoil MoeH
ynpasjeHust

Ha puc. 7 npeacraBieHo JONOJHEHHE K MHOIOYpPOB-
HeBoii Mozxenn Ha puc. 4. Kommonents! «Yrenne n3 CSVy»
(CSV — ¢opmar TexcToBOrO (paiisia ¢ J7aHHBIMHU) CYUTHIBA-
10T 3HAQYEHHs HE3aBUCHMBIX NEPEMEHHBIX (IIPU3HAKOB dX,
dy — NPOEKINIi PaCCTOSHUS MEX/IY TEJIOM U CHApSIIOM) U
3aBHCUMBIX ITEPEMEHHBIX (POrHO3UPYEMbIX cuil Fx, Fy)
n3 daiinos. /lanee komnoHenToM «Bpidopka» (Gopmupy-
IOTCS1 TeCTOBasi M 00ydaromiasi BBIOOPKH, 1oJjaBaeMble Ha
Bxox «bioky oOyuenwus», ooHoBIsTomEeMy Becsl THC.
Komnonent «HeliponHas cets 1» perynupyer 3HaueHus Fx,
Fy, KoTOpbIE Ha 3TOM CJIO€ SBJISIOTCS IPUEMHUKAMH, a Ha
00BEKTHOM — HCTOYHUKAMH U KOPPEKTUPYIOT JBIKCHHUE
CHapsizia BAOJIb OCEH.

3akJ/iouenne

AHann3 0coOEHHOCTEH MpecTaBICHHsI HEHPOHHBIX
ceTeil B COBPEMEHHBIX MAKETaX MOJEIUPOBAHUS BBISBUI
B Ka4eCTBE HEJJOCTATKOB OTCYTCTBHE MEXAHU3MOB: CTPYK-
TYpPHOH ONTUMHU3AINHA HEUPOHHBIX CeTeif; 0TOOpa JTyJIITIX
MozeIei U3 unciaa oOyd4eHHBIX WM 00beIUHEHUS UX pe-
3yJIbTaToOB paboThl B aHCAMOJIH; 00yueHus Heipocereit
CHHXPOHHO C aHAIIM30M MOJEIN 00bEKTa YIPABICHHUSI.

[IpeanoxeHHast METOANKA MHOTOYPOBHEBOIO MOJEIIH-
pOBaHUS HEUPOCETEBBIX MOJIENEH YIIPaBICHUS MO3BOIMIA
BKJTIOUUTH UX KOMIOHEHTHBIE MOJIESTH B MHOTOYPOBHEBBII
KOHTYD yHpaBiieHUs] 00bEKTOM, B TOM YHUCIIE B HE€papXHuie-
CKHE CUCTEMBI YIPaBJICHUS.

B pamxkax meTonuku pa3paboTaHbl 1Ba BapHaHTa MOJIe-
Jiell HEHPOHHBIX CETel: C MHKAICYIIMPOBAaHHON CTPYKTYPOH,
3a1aBaeMoil TapaMeTpamMy OJJHOTO OJIOKa, M KOMIIOHEHTHOM
CTPYKTYpOH, 3a7JaBa€MOM MTOCIIOWHO (M3 HECKOIBKIX OJ0-
KOB) C YKa3aHHEM HX TOTIOJIOTHH.

IIpenmyiecTBaMy NpeUIOKEHHBIX BAPUAHTOB MOZIENEN
SBJIAIOTCS: HAJIMUME BO3MOXHOCTEH JUIsl COCTaBIEHUsI TIPO-
M3BOJIBHOM apXUTEKTYPbl HEMPOHHOM CETU U3 BU3YaJIbHBIX
0JI0KOB; aBTOMATH3MPOBAHHBIC BAPHALIMY U ONTUMH3ALUH
CTPYKTYpPbI HEHPOHHOM ceTH; 00yueHne HelpoceTH Ha pe-
3yJIbTaTax MOJICINPOBaHHs 00BEKTA YIIPABICHHS BO BPEMS
pacudeTa ero Mojienu (4TO aKTyaJIbHO IPH B3aUMOICHCTBHN
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KOMITBIOTEPHOM MOJIENH C pealbHbIM 00BEKTOM, HallpuMep,
P peajn3alunu HUPPOBbIX ABOWHHUKOB); OCTPOCHUE
CJIOJKHBIX HEHPOCETEBBIX MOZEIEH yIpaBIEHUs, BKIOUAst
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B aBTOMaTH3alL[HH YIIPABICHNS 000PYIOBaHHEM H TEXHOJIOIMICCKUMH
nporieccamu / ABTOMaTH3alks 1 MOJICIMPOBAHNE B IPOCKTUPOBAHUH
u ynpabiaenun. 2022. Ne 1(15). C. 24-32. https://doi.
0rg/10.30987/2658-6436-2022-1-24-32

. Kochergin M.I. Interpretation of the statechart diagram into a

multilevel simulation language // Jloknaaer ToMcKoro rocynapcTBeH-
HOT'O YHUBEPCUTETA CHCTEM YIIPABICHUS U PaAUOIEKTPOHUKH. 2017.
T. 20. Ne 4. C. 122—125. https://doi.org/10.21293/1818-0442-2017-
20-4-122-125

nux OG’Le[[I/IHeHI/Ie B aHCﬁMGJ'II/I; OTJIaiKa U aHaJIn3 Heﬁpoce—
TEBBIX MOJIEJIEH KaK o0beKTa HCCIICAOBaHUA.
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AHHOTAIUA

Beenenune. O6¢cyxaercs 3a1aqa OpraHu3alil MHOTOYPOBHEBOTO XpaHEHHUs JaHHBIX. MHpopMaIms co BpeMeHeM
TEepsieT CBOIO AKTYaJIbHOCTh 1 CTOMMOCTb €€ XPaHEH!UsI Ha HOCUTEIISIX BBICOKOI JOCTYITHOCTH, HAIPUMED TBEPAOTEIILHBIX
HAKOTIMTEJISAX, CTAHOBUTCS Helelnecoo0pa3Hoii. Jlo cux mop pa3melnieHne HOBBIX (ailoB B CHCTEME XPaHEHUS
JAHHBIX PEIIAeTCsl TOPU30HTANBHO — 0e3 yueTa MHOTOYPOBHEBOM OpraHU3aliK CUCTeMbl. Murparus ¢aiinoB Mexmay
YPOBHSIMHU CHCTEMBI XPAaHEHHsI JaHHBIX BBIMOIHICTCS C TE€UEHHEM BPEMEHH, KOT/a HaKalJINBaeTCs CTaTHCTHKA 110
9JacToTe UX 3ampoca. Bee daiiner oOmamaroT MeTafaHHBIMH, TAKUMH KaK THIL, pa3Mep, JaTa CO3JaHUs U IPYTHMH, U3
KOTOPBIX MO’KHO BBIICIUTH HEKOTOPYIO HH(POPMALUIO 00 MX BaXXHOCTH. JTO IO3BOJISIET PEasIN30BaTh paclpe/eeHe
JTAaHHBIX 10 YPOBHSM CHUCTEMBI XpaHEeHUs Ha ee Bxoje. Meroa. [IpeioxkeHa coBpeMeHHas CUCTEMa XPaHEHHs IaHHBIX,
npescTaBIeHHast 4eThIpbMs ypoBHsMH. [TepBoiii ypoBens Hi-End npennasHagaercs uist XxpaHeHHs! KpUTHYECKH BaKHBIX
JIAaHHBIX ¢ TpeOOBaHHMSIMU MaKCHMaJIbHOM CKOPOCTH JOCTYIAa U HajaexHOCTH. Bropoii yposens Upper Mid-Range
NpeAHa3HavaeTcs sl KOPIOPATUBHBIX NPUIIOKEHUH, TPEOYIONNX BBICOKOH CKOpoCTH Aoctyna. TpeTuit ypoBeHb
Mid-Range mpeiaraetcsi HCIIONB30BaTh [UIsl Opranu3anuy GpailyioBeIX XpaHWIHIL, a 4eTBepThiii — Entry Level — st
CO3IaHUsI Pe3ePBHBIX KOMUI U apXMBOB. B mpeokeHHOM aaropuTMe pa3MemieHns (ailioB mo ypoBHAIM CHCTEMBI
XpaHEHHs JAHHBIX yYUTHIBAIOTCS METPHUKH, yKa3bIBAIONINE Ha TPeOOBaHMS K XPAaHEHHIO U BBIOOPY YPOBHS CHCTEMBI
XpaHEHHS JTaHHBIX, COOTBETCTBYIOIIETO MPEABABISIEMEIM TpeOoBaHUAM. K TakuM METpHKaM OTHOCSITCS CTENEHb
JOCTYITHOCTH (CKOPOCTH IPE0CTaBIeH s HH(OPMAIHHN ), BAKHOCTH (CTOMMOCTB IIOTEPH TaHHBIX B CITy4ae armapaTHoOro
M IIPOrpaMMHOTO cOOEB), CPOK XpaHEHUs M 4acTOTa 3arpoca. MeTpUKH BEIAEISIOTCS U3 METaIaHHbBIX COXPaHSIEMbIX
(aitnoB. OcHOBHBIE pPe3yabTaThl. [IpeIoKeHO HOBOE pEIlicHNE, OCHOBAaHHOE Ha (PYHKIIMAX KOHTPOJIEpPAa HEUETKOM
JOTHKH. AJITOPUTM €ro paboThl MOJKET OBITh HHTEIPUPOBAH B CHCTEMY XPaHEHUs JJAHHBIX JI0 IIPOIIeCcca 3allicH HOBOTO
(aiina. ANropuT™M BKIIFOYAeT TPU OCHOBHBIX Iara. Ha mepBoM mare BBINONHSETCS aHaIn3 (PaiaoBbIX METPHUK IS
(hopMHPOBaHMS COOTBETCTBYIONIMX MM BXOJHBIX HEUETKIX MHOXeCTB. Ha BTopoM mrare asst popMupOBaHUS HTOTOBOTO
HEYETKOTO MHOMKECTBA IIPUMEHSICTCS JIOTHIecKast Mozienb. Ha 3aBepimarorem 3tare MpoHCXOIUT HOMydeHUE pe3ynbTara
HEYeTKOTO BBIBOJIA U pa3MeleHre (aiisia Ha COOTBETCTBYIONIHI YPOBEHb CHCTEMBI XpaHEHNUsI TaHHEIX. [IprBenen npumep
paboTHI KOHTpoIepa st (paiyioB ¢ pa3HBIMU 3HAYEHHSIMH METPHIECKUX XapakrepucTHk. Oocy:xaenne. Konrpomrep
HEYETKOH JIOTHKN MOYKET ObITh HHTETPUPOBAH B pabOTy MHOTOYPOBHEBOW CHCTEMbI XPAHEHUS JaHHBIX.

KiioueBrnle c10Ba
OoJIbIIINE JAHHBIC, MHOTOYPOBHEBAsI CHCTEMa XPAaHCHUS TAaHHBIX, TPCOOBAHUS K XPAHCHHIO JaHHBIX, MCTPUKH (hailyioB,
KOHTPOJIJIEP HEUETKOH JIOTUKHU, PAllMOHATIBHOE XPAHCHUE
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Abstract

The problem of organizing multi-level data storage is discussed. Information loses its relevance over time and the cost
of storing it on highly available media, such as solid-state drives, becomes impractical. Until now, the placement of new
files in the data storage system is decided horizontally — without taking into account the multi-level organization of the
system. The file migration between storage system tiers occurs over time as statistics on the frequency of requested files
are accumulated. All files have metadata, such as type, size, creation date and others, from which some information about
the importance of the information can be extracted and then the distribution by levels of the data storage system can be
implemented at the system input. A modern data storage system represented by four levels is proposed. The first Hi-End
level is intended for storing critical data with the requirements of maximum access speed and reliability. The second level,
Upper Mid-Range, is intended for enterprise applications that require high access speeds. The third level, Mid-Range, is
proposed to be used for organizing file storage, and the fourth, Entry Level, is proposed to be used for creating backup
copies and archives. The proposed algorithm for arranging files across tiers of a data storage system takes into account
metrics indicating storage requirements and selecting a level of a data storage system that meets the requirements. These
metrics include availability (speed of information delivery), importance (cost of data loss due to hardware and software
failures), retention period, and request frequency. Metrics are extracted from the metadata of saved files. A new solution
based on the functions of a fuzzy logic controller is proposed. Its operation algorithm can be integrated into the data
storage system before the process of writing a new file. The algorithm includes three main steps. At the first step, file
metrics are analyzed to form the corresponding input fuzzy sets. At the second step, a logical model is used to form the
final fuzzy set. At the final stage, the fuzzy output result is obtained and the file is placed at the appropriate level of the
data storage system. An example of how the controller works for files with different values of metric characteristics is
given. A fuzzy logic controller can be integrated into the operation of a multi-level data storage system.

Keywords

big data, multi-level data storage system, data storage requirements, file metrics, fuzzy logic controller, rational storage
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BBenenue

[Ipo0Giiema OOJIBIIMX JAHHBIX B OCHOBHOM 00CYKIaeTCst
B KOHTEKCTE MX 00pabOTKH CleUalbHBIMU aBTOMATH3H-
POBaHHBIMU MHCTPYMEHTAMH JIJIsI TIOJTyYESHUS! CTATHCTHKH,
BBITIOJTHEHUS aHAJIN3a, IPOTHO30B M MPUHATUS PEHICHUN
[1-3]. Tem He mMeHee, U3NYECKUE NPOLIECCHl XPaHEHUS
OOJNBIINX JTAHHBIX OCTAIOTCS BKHBIMHU U TakKe TpeOyIoT
TIOVICKa MHCTPYMEHTOB aBTOMAaTH3allMU B YCIOBHUSIX Orpa-
HUYCHHOCTH (U3UYECKHUX pecypcoB [4, 5]. B wactHOCTH,
OpraHHu3aIMs PAMOHAIBHOTO XPAHEHHSI MACCHBOB HEOJTHO-
POZHBIX TAaHHBIX SIBISIETCSI OTHOM N3 TAKUX MTPUOPHUTETHBIX
3ajad.

bonbine naHHbIe, KaK N3BECTHO, XPAHSTCS B OONakKe.
PoiHok oOmayHbIX BeUMcIeHU B Poccun pacteT Ha 30—
40 % B roJ1, IpU TOM HaUOOJIBIIMM CITPOCOM OJIB3YIOTCS
CEPBHCHI IIPUIIOKEHHE Kak yciayra» (SaaS) u «uHppa-
CTpykTypa Kak yciayra» (laaS). [Ipuunna — ycrapeBanue
MH(POPMAIIMOHHBIX CHCTEM KOMITAHUH, KOTOPbIE B LIEJIX
OIITHMU3AIMH alNapaTHO-IPOrPaMMHBIX PECypcoB oOpa-
IIAF0TCS K OOJIAYHBIM peleHsM [6, 7].

Hudpactpykrypy 00Ia4HOT0O XpaHUIHUIIA 00pa3yIOT CH-
cteMbl XpaHeHus qaHHbIX (CX/1). CX ]I oTmudaeTcst CIIox-
HOW apXUTEKTYPOH, BOSMOKHOCTBIO O0BEINHITH HOCHTEITN
pa3Holi pHU3MYECKON TIPUPOJIBI B CETh MEPENAYN JaHHBIX !,
HaJIMYMEM OTAEIBHOTO MPOrPAMMHOIO 00ECTICUEHHS TS

I Recommendation Y.3510: Cloud computing infrastructure
requirements. Geneva: ITU-T, 2013. [DnexkrponHsbIii pecypc].

yrpasierust CXJ[? TeXHOIOTUsIME PE3EPBHOTO KOIUPOBa-
HUA3, CKaThs ¥ BUpTyanusanuu [8].

B cBoto ouepens ynpasienue CXJl noapasymeBaeT
HE TOJBKO yTpaBlICHHE NPOLECCaMU 3aIUCH-YTEHUS, HO
1 00beMaMM JaHHBIX — OPraHM3alHI0 PAMOHAIBEHOTO
XpaHEHUs, OCHOBAHHOTO Ha BaKHOCTH JAaHHBIX, CTOUMO-
CTH UX XpaHEHUS U TpeOOBaHUH K CpoKaMm XpaHeHus [9].
TpeboBaHmsaMHU 3aKOHOB M HOpM Poccwuiickoit denepannu
JKECTKO 3aKpEIJIEHbI CPOKM XPaHEHUs] HHPOPMALUH MPaK-
THYECKH BO BCEX BaXKHEHWIIMX cepax: TPyA U 3aHATOCTh
HaceneHus, nHGopmanus U HHGpopMaTu3aus, TeXHue-
CKOE peryiIupoBaHue, 0Opa3oBaTenbHas, Hay9Has U Kyllb-
TYpHasl AeSATEIbHOCTh, MEIUIIMHA 1 (hapMarieBTHKa. Taroke
OYEBH/IHA TEH/ICHIINS K NEPEBOJLYy aPXMBHBIX IOKYMEHTOB
B U poBoil Bua — Oeccpounoe xpanenue. CoriaacHo
Denepanbaomy 3akona Ne 374-M34, omepaTopsl CBA3M

Pexxum nocryna: https://www.itu.int/rec/ T-REC-Y.3510-201305-S
(nara obpamenus: 08.10.2023).

2 Recommendation Y.3501: Cloud computing framework and
high-level requirements. Geneva: ITU-T, 2013 [DnekrpoHHbIi
pecypc]. Pexum moctyma: https://www.itu.int/ITU-T/
recommendations/rec.aspx?rec=11917 (nara oOpameHus:
08.10.2023).

3 Recommendation Y.3520: Cloud computing framework
for end-to-end resource management. Geneva: ITU-T, 2015
[DnexTpoHHbIH pecypc]. Pexxum moctyna: https://www.itu.int/
rec/T-REC-Y.3520-201509-1 (nara o6paurenus: 08.10.2023).

4 ®enepanbublii 3akon Ne 374-03 ot 23.11.2020 1. O BHECE-
HMU U3MEHEHHI B 4aCTH NEPBYIO U BTopyto Haorosoro kozexca

1172

Hay4yHO-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MeXaHUKn 1 ontukn, 2023, Tom 23, N2 6
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 6


mailto:tm-tatarn@yandex.ru
http://orcid.org/0000-0002-6419-0072
mailto:lokargenia@gmail.com
https://orcid.org/0009-0006-3001-953X
https://www.itu.int/rec/T-REC-Y.3510-201305-S
https://www.itu.int/ITU-T/recommendations/rec.aspx?rec=11917
https://www.itu.int/ITU-T/recommendations/rec.aspx?rec=11917
https://www.itu.int/rec/T-REC-Y.3520-201509-I
https://www.itu.int/rec/T-REC-Y.3520-201509-I

T.M. TatapHukoBa, E.[l. Apxunues

00s13aHbBI XpaHUTh Ha TeppuTopun Poccuiickoii deneparn
nHpopManuio o (akrax rnpuema, rnepeaadn, 10CTaBKu 1/
M 00pabOTKM roJI0COBOI MH(OPMALINH, TEKCTOBBIX CO00-
IIEHNH, N300pa’keHHUH, 3ByKOB, BUICO- MIIM HHBIX cOOOIIIe-
HUH TIOJTK30BaTEIICH YCIIyTaMu CBSI3H — B TCUCHUE TPEX JIET
C MOMEHTAa OKOHYAHUS OCYIICCTBICHUS TaKUX IEHCTBHU.
Taxkum 00pa3oM, XpaHEHHE aBTOMaTHYECKH BKITFOYASTCS B
Tapu( Ha OKa3zaHWE yCIYT CBA3M.

Hecwmotps Ha T0, uTo CXJI cTpOsTCS MO Mepapxuue-
CKOMY NPHHITUITY, aBTOMATH3AIHsI PACTIPEICTICHUS TAHHBIX
no ypoBHsaM CX]/I ocTaercs 4aCTMYHO pPEIIEHHON: UMeeT
MECTO TOJIBKO TOPU30HTAIBHOE Pa3MEIICHNE, a MUTPALIHS
JAHHBIX MEXKJy YPOBHSAMHU XPAaHUIIHILA peaau3yercs aj-
munuctparopom CXJI. Tak, B [2—5] paccMOTpeHbl HOBbIE
TEXHOJIOIUU PacHpeIeIeHHOIO XPaHEHUs TaHHBIX, CYTh
KOTOPBIX CBOINTCS K 00ECIIEUCHNIO PHEMIIEMOM ITPOITyCK-
Holi crtocobHOCcTH CX/] 9epes KacTepr3aluio U HaIe)KHO-
CTH XpaHEHUS yepe3 M30BITOUHYIO PEIUIHKAIINI0 TaHHBIX.
Amnamms pabot [4-10] moxaszan HaIU9IHe MPOTHBOPEUHS: C
oxHOU cTopoHbl, A CXJ mo-nmpekHeMy 00CyKIaroTCs
TpaIULHOHHBIC BEIYUCIUTEIBHBIC XapaKTePUCTHKH, OCTaB-
515t 0e3 BHUMaHMSI CTOMMOCTB XPaHEeHHsI, a C JIPyTroi CTo-
POHBI, OUEBH/IHO, YTO XPAHEHUE Pa3HbIX JaHHBIX TPeOyeT
pa3HoU o1ulaTel IpenocrasiaeHus yciyru. Ho nociensee B
HACTOSIIIUI MOMEHT PEIIaeTcs Yepe3 MUrpaIuio Gpaiiios ¢
TEUeHHEM BPEMEHH, KOI/la HaKaIllIMBAeTCs CTaTUCTHKA 110
YacTOTE 3alpallliBacMbIX JaHHBIX.

B nacrostimeit pabote npeyiaraeTcst alnropuT™ pacrpe-
nenenust Janublx B CX ]I ¢ MHOrOypOBHEBOM OpraHu3aluei
elIie 10 ImpoIiecca 3armrucu HoBOTo (haiina. ANropuT™ oCHO-
BaH Ha pabOTe KOHTPOJUIEpa HEYETKON JIOTHKH.

MaTepna.ﬂu U METOAbI

[Iponecc crapenns (MoTepu aKTyaJIbHOCTH) JaHHBIX
OLICHMBAETCSl YaCTOTOM OOpaIeHuil K HUM BO BPEMEHH H
OITHCHIBACTCS rayCCOBCKOM KPUBOM: KOJIMYECTBO OOpalie-
HUH K CB&XKUM JIaHHBIM MaJio, 10 MEPEe PacIpOCTPAHCHUS
CBEJICHNI O HOBBIX JJAHHBIX YHCIIO OOpaIeHU BO3pacTaeT,
3aTeM JaHHbBIE TEPSAIOT CBOIO AKTyaJIbHOCTh, M YUCIIO 00pa-
LIEHUH K HUM T11a€T, ¥ K apXUBUPOBAHHBIM JJAHHBIM KOJIH-
YEeCTBO 0OpalIeHUH CyIIeCTBeHHO MEHbIIIe MUKoBoro [117.
DT0 CBOICTBO UCIIOJIB3YETCs B CO3IAHUH MHOTOYPOBHEBBIX
CX. Beigenstor uetsipe yposusa CXJI (puc. 1):

— yposensb 1 (Hi-End) o6pa3syror SSD (Solod-State Drive)
TBEPJIOTENBbHBIE HAKOIIUTENIN U COOTBETCTBEHHO MAaCCUB
JIICKOB U3 HUX. XpaHEHUE NaHHBIX XapaKTepU3yeTcs
BBICOKUMH CTOMMOCTBIO, HA/ISKHOCTBIO, (DYHKIIMOHAIIb-
HOCTBIO U MacIITaOMPyeMOCTBIO. 371eCh Pa3MeNaroTCs
KPUTHUYECKHU Ba)XKHBIC JTaHHBIC C TPEOOBAHMSAMH MaKCH-
MaITbHOH (T OHJTAH-peIIeHNH ) TIPOU3BOANTEIHHOCTH
1 HaZeKHOCTH;

— yposens 2 (Upper Mid-Range) o6pa3yroT MaccuBsI
JIUCKOB, oOMeH JaHHBIX C KOTOPBIMU OCYIICCTBIACTCA
10 BBICOKOIIPOM3BOAUTEIbHOMY TIpoTOKOITy SAS (Serial
Attached SCSI) unu FC (Fibre Channel). Xpanenune
XapaKTepu3yeTcs: OT CpeaHel 0 BHICOKON CTOMMO-
CTH, BBICOKOH HaJIS)KHOCTBIO, JOCTATOYHON (DYHKIHO-

Poccuiickoit @enepalyiv U OTAENIbHbIE 3aKOHOIATENBHbBIE AKThI
Poccuiickoit @enepaunn.

HaJILHOCTBI0. Ha 5TOM ypoBHE pa3MenaroTcsi BayKHbIC

MIPUIOKEHHS, HAIPUMeEpP, KOPIIOPATHUBHBIM OYTOBBIH

CEpPBUC U BUPTYyaJbHbIC MAINHBI, U1l KOTOPBIX BaKHA

BBICOKas! IPOM3BOINTEIBHOCTB;

— ypoeHb 3 (Mid-Range) o0pa3yroT MacCUBHI JIHC-
KOB, TOJIKJIFOUCHHBIX 110 nHTep(eiicy SATA (Serial
Advanced Technology Attachment) mmi NL-SAS (Near
Line Serial Attached SCSI). Xpanenune xapaktepusy-
©TCsl CpeiHel CTOMMOCTBIO M OTPAaHIMYEHHOHN (yHKITH-
OHANBHOCTHI0. DAKTHUYECKH, HA JJaHHOM YPOBHE 00pa-
3y10TCs (haifioBbIe XPaHUIININA, Ui KOTOPBIX BayKHBI
Ooubiine 00beMbl 1 SHEPro3(h(HEKTUBHOCTD;

— yposensb 4 (Entry Level) o6pasytor snienrounsie CX/I,
Ipe/iHa3Ha4YeHHbIE JUIsl CO3JIaHMsI PE3EPBHBIX KOITUH U
ApPXUBOB: OT/IEJIbHBIC HAKOIMTEIH, aBTO3AIPy34UHKH,
JICHTOUHBIC OMOIMOTEKN. XpaHEHUE XapaKTePH3yeTCs
HHU3KOM CTOMMOCTBIO ¥ OTPaHUYEHHON (PyHKIIMOHAIIb-
HOCTBIO.

TaxuMm 06pa3om, Tiepe]] pa3MeIeHueM TaHHBIX KaXKI0H
enHuIe HHPOPMAIIH, TToIekKaIeil 00padoTke u XpaHe-
HUIO, Oy/ieM TpHCBanBaTh ONPEICICHHBIE METPUKH, yCTa-
HaBIUBaronue TpedoBaHus K xpanenuio [12—-14]. B ux
YHCIIE CTENeHb JIOCTYIMHOCTH (CKOPOCTh MPEI0CTaBICHHS
MH(OPMAIMK), BAXKHOCTh (CTOUMOCTH MOTEPU JAHHBIX B
cllydae anmnaparHoro ¥ NporpaMMHOTO c00st), CPOK XpaHe-
HUSI M 9acToTa 3anpoca. MeTpuKH Takke BO3MOKHO BbI-
JICITUTh U3 METaaHHbIX COXpaHsIeMbIX (aiiioB. OnHUM U3
M3BECTHBIX CTAH/IAPTOB ONMCAHUS METAIaHHBIX SBISICTCS
Dublin Core Metadata Element Set (DCMES) — nabop
3JIEMEHTOB METAJaHHBIX JUISl OTTMCAHNUS UPPOBBIX WU
(busnueckux pecypcon!.

MHoxecTBO (haifTOBBIX METPUK OyaeM moaaBaTh Ha
BXOJI KOHTPOJIJIEpa HEYETKOH JIOTUKH JI0 CaMoro mporecca
3anucy HoBoro (aiina B CX/I.

CTpyKTYypy JH000TO KOHTPOJIJIEpa HEYETKOHN JIOTUKHU
cocTaBisitoT (puc. 2): 6ok (a33udukanuu, 010K GyHKIINU
MIPUHA/JISKHOCTH, JIMHTBUCTHYECKAsT MOJIENb, MOYJIb He-
YEeTKOTrO BhIBOJA U OJI0K Aeda33udukarmu [15].

daz3udukanus — Mpouecc NpUMEHEHUs! GYHKINH

MPUHAIIC)KHOCTH U MHTEPIPETALMN TOYHBIX 3Hade-

HUH IEpeMEHHBIX X{, Xy, ..., X, B HEUETKHE MHOXKECTBA

Zy, Zy, ..., Z, IUHTBUCTUYECKOH NIEPEMEHOM.

HeueTkoe MHOXECTBO ompenensercs: uepe3 6a3oByro
mrkaiay B mepeMeHHOH X U QYHKIIUIO MPUHAIIEKHOCTH
p(x), x € B, mpuHUMAIONTYIO0 3HaUeHNs Ha nHTepBaie [0, 1].

JluHrBHCTHYECKAs TIEpeMeHHas — HabOp Xapakrepu-
CTUK HEKOTOPOro cBOlcTBa — TepMoB. Hanpumep, JuHr-
BUCTHYECKAs epeMeHHast « BayKHOCTh JaHHBIX» 3a1aeTcs
HEYETKUM MHOXECTBOM {«HH3Kas», «CPEIHSISD», «BBICO-
Kasi» }, B KOTOPOM Ka)K/IbIil TEPM UMEET CJIeIyIONi ana-
Ma30H 3HAUYCHUI:

— «HH3Kas» — CTOMMOCThH ITOTEPH JIAHHBIX B CITydac ar-
MapaTHoOro M MporpaMMHOro cboes He npeBbicuT 30 %
AKTHBOB KOMITAaHHH;

— «cpenusisi» — He TpeBbICHT 80 % aKTMBOB KOMITAHUH;

— «BBICOKasD — TpeBHICUT 80 % aKTHBOB KOMITAHWH.

I'TOCT P 7.0.10-2019 (MCO 15836-1:2017) HaGop aie-
MEHTOB MeTaJaHHbIX «/lyonuHckoe sapo». Beenen 01.01.2020.
Hanmonanbsneiii crannapt Poccuiickoii @enepanum. 11 c.
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YpoBeHb Kuacc nannbix Hocurenu
1 Kpuruueckue
Hi-End IIPUIIOKECHUS SSD
2 Baxusie npunoxenus,
Upper Mid-Range BUPTYaIN3AIHL FC/SAS
. 3 HH(bpapryKTypHLIe CEPBUCHIL, SATA/NL-SAS
Mid-Range (aiinoBbie XpaHUIUIIA
4 PesepBHbie Konmu, Jlentounsie CXJI
Entry Level apxuB

Puc. 1. I/IepapaneCKaﬂ MOJ€JIb CUCTEMbI XpaHCHUS JaHHBIX

Fig. 1. Hierarchical model of the storage system

TPUHALJICKHOCTU

OyHKINUU

JIuArBUCTHYECKAS

MOJIEIIb

Y

HeueTkuii BLIBOI

Puc. 2. CtpykTypa KOHTpOJLIEpAa HEUETKOM JIOTHKH.

F — 6nok ¢azzuduxanym; D — 6nok aedazsndukanum; X — MHOKECTBO BXOIHBIX IIEPEMEHHBIX; Y — pe3ylbrar Aehaz3npuKanum

Fig. 2. The structure of the fuzzy logic controller.

F — fuzzification block; D — defuzzification block; X — set of input variables; y — result of defuzzification

OyHKIHS TPUHAJICKHOCTH — CyObCKTHBHASI CTCIICHD
YBEPEHHOCTH DKCIEpPTa B TOM, YTO JAHHOE KOHKPETHOE
3HaueHHE 0a30BOH MIKAIIBI COOTBETCTBYET ONPEICIIICMOMY
HEUYETKOMY MHOXeCTBY [16].

JIMHTBHCTHYECKAS MOJICITh — COBOKYITHOCTh HEUCTKHUX
MpEeIUKATHBIX TpaBui Buaa [17]

Rule: If x is p(x), Then y is p(y),

IJI€ X — UM BXOJHOW MEpEeMEHHOMN; y — UM IePEeMEH-
HOM BBIBOJIA; WL — 3ajaHHast QyHKIUS NPUHAIICKHOCTH;
If <...> — npennoceuika npasuia; Then <...> — 3axiio-
YyeHUe MpaBuia. o

Hns kaxnoro npasuna Rule;, i = 1, n Beruncnsercs
3HAYCHUE UCTUHHOCTH O, [ = 1, 77 IPEIIIOCBUIKA B TIPHMe-
HSETCS K 3aKITIOUEHUIO0, YTO MPUBOIUT K (POPMHPOBAHUIO
HEUYETKUX MOJMHOXECTB /Il BCEX TEPMOB PE3YJIbTHPYIO-
el TMHTBUCTHUYECKON nepeMeHHol ¥ = {y, Vo, ..., Vi}
[18]. ®opMupoBaHue i-ro HEYETKOI0 MOJAMHOKECTBA J;,
i =1, k BBIMONHSIETCSI PUMEHEHHEM OIEpaIi HEUYETKOH
noruku «M», coracHo KOTopol (DYHKIMS TPUHAJIIEKHO-
CTH BBIXOIHOW MEPEMEHHOM [I; «OTCEKAeTCs» 10 BBICOTE,
COOTBETCTBYIOLIEH 3HaUEHHUIO 0; (puc. 3).

Jajee Bce HeueTKHe OIMHOXKECTBA y;, [ = 1, k ITHHT-
BUCTHYCCKHUX MIEPEMEHHBIX 00BEIUHIIOTCSI BMECTE, UTOOBI
(hopMHpPOBATh UTOTOBOE HEUETKOW MHOXKCCTBO BBIXOIHOM
nepeMenHoi Y. Takoe oObeIMHEHNE HA3BIBACTCS KOMIIO-
3UIMCH U Ul €¢ peau3alliil HCIIOIb3YEeTCs OTCPAIIHs
HedeTKoU Joruku «JI».

Hedassuduxamms — mporecc 0OpaTHEIN HHTEPIIpe-
TallMd — YETKOI0 3HaYE€HUs BBIXOJHOW MEPEMEHHOM, Ha-
TIpUMeEp, OTIpPe/IeTICHIE IICHTPa TSHKECTH UTOTOBOTO MHO-
JKeCTBa Y YUTH IIEHTPOH/IA TUIOMIA TH:

i=max

[ yin@dy,

i=min

y= (D

i=max >

i=;[ni N n(dy;

TIIe y; — PE3yAbTaT BBIXOAHON JIMHIBUCTUYECKON TEpe-
MeHHOH Y; W(y;) — yHKIMS IPUHALIEKHOCTH HEYETKOTO
MOIMHOXKECTBA Y; TTIOCIIE KOMIIO3UIINK; Min ¥ max — JeBast
1 IpaBas r'paHUIbl UHTCPBAJIa HOCUTEIAA HECYETKOTO MHO-
JKE€CTBA BBIXOJJHOM MEpEeMEHHOM.
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a
ey u()
1 1
o
= ////
0 [ T T T T 0 f / f //1////// t
bazoBas mkama X basoBas mkama Y
b
w(X) u()
1 1
0 0

I T t T t f t t t T T

basoBas mkana X bazoBas mkama Y

Puc. 3. DopMupoBaHue TUHIBUCTUYECKON IIEPEMEHHOMI
HEYETKOTO BBIBOJIA: IIPHMEHEHHUEM ONePALH HeUSTKOH JIOTUKH
U (a); npumenennem onepanuu HedeTkoi goruku NN (b)
Fig. 3. Formation of a linguistic variable of fuzzy inference:
using the fuzzy logic operation AND (a); using the fuzzy logic
operation OR (b)

Pe3y.11 bTAaTbI UCCJICAOBAHUSA

B onpenenennu yposusa CX/I 11 pa3MelieHuss HOBOrO
(aiina yyacTBYIOT CIICTyIOIINE METPUKH:
— CTeNeHb JOCTYIMHOCTH, 0003HAYNM KaK HEUYETKOE MHO-
HKECTBO Z1; 2] = {CHU3KasH», «CPEIHAD», «BBICOKAS };
— BaXHOCTh JJAHHBIX Z, = {«HHU3KasH, KCPEAHS», «BBICO-
Kas» };

a
1 Hwuskas Cpennsist Bricokas
0 1 1
10 400 500 900 1000 2000 Mowur/c
c
Maunsrit Cpennuit Bricokuii
0 T T
0,1 35 100 JIeT

— CPOK XpaHEHHUs z3 = {«Malblil», «CPeLHUI», «O0NIb-

II0¥» } ;
— YacTOTa 3alIpOCOB JIAHHBIX Z, = {«HU3KasD», «CPEIHULY,
«BBICOKAS» } ;
BBeneM KOHEYHOE YHCIO (DYHKLUH MPUHAICKHOCTH
(puc. 4).

DopmupoBaHue QYHKINA TPUHAUICKHOCTH s (as-
3U(UKALIMK 3IEMEHTOB MHOKECTB {Z;},_1 4 MO3BOJISAET
OCYIIECTBUTH NEPEXOa K COOTBETCTBYIOIUM HEUCTKUM
MHOXECTBaM

Z,= Wz,

e z; — HedeTkue uucia B unrepsaie [0, 1], coorBeTcTBy-
IOIIHE OIIEHKaM i-if METPHKH j-To (haiina.
Jlornueckyro Mozenb 3aaa1uM npasuiioM Mamaanu:

(L) = max {min[p;(z)), Ma(22)ps M3(23)k> Ha(Za)el
k=1,n
I7ie 1 — KOJIMYECTBO IIPABHJI JOTUYECKON MOJEINH,
n=34= 81 — ueThIpe JIMHIBUCTHYECKUE NIEPEMEHHbIE
MMEIOT T10 TP TepMa.

BBeaem AMHIBUCTHYECKYIO IEPEMEHHYIO L «ypOBEHb
CX1», xoTopasi onmpeAemnseT pe3ybTaT KOHTpoJuIepa He-
yetkoit nmoruku. L = {«Hi-End», «Upper Mid-Range»,
«Mid-Range», «Entry Level»}. 3naueHue L BBIYHUCIUM B
pesynbrare nedaz3u(uKanug BIXOAHOTO HEUETKOTO MHO-
JKECTBA METOMIOM IIeHTpoua Tutomaau (1).

Bri6op npasuia Mamaanu U3 Apyrux BO3MOXKHBIX 000-
CHOBaH PaBHO3HAYHOCTBIO BIIMSIHUSI METPHUYECKUX XapaKTe-
pucTHK (¢aiiioB Ha onpenenenne ypoBus CX /I npu 3anucu
HOBoOTrO (aita.

Ilycte, mis 10 ¢aitnoB KOHTPOIUIEp HEYSTKOW JIOTHKI
uier ontuMainbHbil ypoBenb CXJI. B pesynbraTe Mme-

b

Huzkuit Cpennuit Bericokuii

0 1

1
1 20 30 70 80 100 %

d

Huskuit Cpenuuit Bricokuit

0

T T
1 50 100 1000 3ampocoB/cyTkH

Puc. 4. DyHKIIMU NPUHAICKHOCTH METPHIECKHUX XapaKTEPHCTUK (DaliIoB: cTeneHb JO0CTYITHOCTH (W) (a); BaXKHOCTb JAHHBIX (L15)

(b); cpok xpanenus (13) (c); 4acToTa 3anpocoB JaHHbIX (Jy) (d)

Fig. 4. Membership functions of metric characteristics of files: degree of accessibility (t;) (@); data importance (i) (b); storage

period (3) (¢); frequency of data requests (ps) (d)
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Tabruya 1. 3HaueHUS] METPUYECKUX XapaKTEPUCTHUK (ailioB

Table 1. Values of metric characteristics of files

Tabnuya 2. Pesynbsratsl ha33udukaniu
Table 2. Fuzzification results

Howmep daiina ) z z3 Zy Howmep daiina Hentponn VYpoBeHb XpaHeHHs

1 0,9 0,8 1 0,9 1 0,9 Hi-End

2 0,6 0,7 0,8 0,8 2 0,725 Upper Mid-Range
3 0,7 0,6 0,7 0,4 3 0,6 Upper Mid-Range
4 0,9 0,8 0,9 0,1 4 0,675 Upper Mid-Range
5 0,8 0,7 0,6 0,7 5 0,7 Upper Mid-Range
6 0,9 0,3 0,4 0,2 6 0,45 Mid-Range

7 0,4 0,5 0,2 0,7 7 0,425 Mid-Range

8 0,2 0,8 1 0,9 8 0,5 Mid-Range

9 0,3 0,1 0,3 0,3 9 0,25 Entry Level

10 0,6 0,4 0,4 0,7 10 0,525 Upper Mid-Range

TpUKH (aiJIOB COOTBETCTBYIOT JaHHBIM, TIPUBEICHHBIM B
Tabm. 1.

Pe3ynpTaThl HEUETKOTO BRIBOJA [T pa3MenieHns (aii-
noB B CX/I mpuBeeHs! B Ta0mI. 2.

C TeueHueM BpeMEHU 3HAYCHMsI METPUK (ailsioB OymyT
MEHATBHCS COIVIACHO rayCCOBCKOM KPUBOM B CBSI3U C MOTEpei
aKTyaJIbHOCTH JJaHHbIX. Vcxomst u3 aToro, padora KOHTPOJI-
niepa st yxe pa3merieHHbx B CX /1 haiiioB qomKHa repu-
OJIMYECKU 3aITyCKAThCs B CPOKH, YCTAHOBJIEHHBIE a]MUHU-
crparopom CX/I. Takum 06pa3om, OyaeT OCyIIECTBIATHCS
MUrpalnys JaHHbIX 110 ypoBHsIM CX/I.

3akjarouenmne

[IpemoxeH HOBBIM allTOPUTM pa3MerieHus (haiiioB mo
YPOBHSIM CHCTEMBI XPaHEHHS JIaHHBIX B COOTBETCTBUU C
METPHKaMH, YKA3bIBAIOIIUMHI HA TPEOOBAHMS K XPAHEHHIO.
Jloka3aHO MCIIOIB30BaHNE B KAYECTBE METPHK: CTETICHB JI0-
CTYTHOCTH 3alpalliiBacMbIX JaHHBIX (CKOPOCTH €€ MPEeo-
CTaBJICHNS); BAXXHOCTH COXPAHIEMBIX JTAHHBIX (CTOUMOCTh
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ANTopuT™ pasmerieHus (paiioB Mo ypoBHSIM CUCTEMbI
XpaHEHUs JJAHHBIX (PAKTUYECKH SIBISICTCS KOHTPOJIJIEPOM
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Abstract

Stress detection is an active area of research with important implications for personal, occupational, and social health.
Most modern approaches use features computed from multiple sensor modalities, i.e., grouping different types of
data from multiple sources for processing. These include electrocardiogram, electrodermal activity, electromyogram,
skin temperature, respiration, accelerometer data, etc. Also, traditional machine learning algorithms (decision tree,
discriminant analysis, support vector machine, etc.) or fully-connected neural networks are mostly used. Using these
methods requires large amounts of data. Researchers are considering different approaches to personalization or
generalization of models relative to subjects, namely subject-independent and subject-dependent (initially personal or
adapted) models. The aim of the presented work is to develop a method for detecting stress based on heart rate variability
data, taking into account the process of personalization of neural networks. The use of a convolutional neural network
is proposed. The dependence of accuracy on the length of the input signal is studied. The dependence of accuracy on
the data dimensionality reduction layer (one-dimensional convolutional layer, maximizing and averaging pooling) used
in the network is also considered. The importance of personalizing models is demonstrated to significantly increase the
accuracy of models of specific subjects. It is shown that the proposed method, based on 60 intervals between heartbeats,
makes it possible to binary determine whether a person is under stress. Personalization allowed increasing the accuracy
from 91.8 % to 98.9 + 2.6 %. The F1-score value increased from 0.907 to 0.983 + 0.038. The proposed personalized
networks can be used in systems for monitoring the functional state of a person. They can also be used as part of a system
that grants or restricts access to private resources based on whether a person is currently at rest.
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stress detection, convolutional neural network, machine learning, heart rate variability, subject-dependent models
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AHHOTALUA

Beenenne. OGHapyXeHHE CTpecca SBISETCSI aKTHBHOM 00JIaCTBIO MCCIICOBAHUN C BXKHBIMHU MOCIEACTBUSIMUA IS
JIMYHOTO, TIPO(ECCHOHAIBHOTO M COLHAIBHOTO 3/J0POBbsI YeJI0BEKa. HOIBIIMHCTBO COBPEMEHHBIX ITOAXO0/I0B UCIIONIB3YIOT
NPU3HAKH, BBIYUCICHHBIC HA OCHOBE HECKOJBKUX CEHCOPHBIX MOJAJILHOCTEH, T. €. IPYNIIUPYIOT Al 00paboTku
Pa3JIMYHbIC THUIIbI JaHHBIX, l'[OJ'IyLleHHble U3 HECKOJIbBKUX MCTOYHUKOB. K num OTHOCATCA JJICKTpOKapauorpaMmma,
KOYKHO-TaJIbBAaHMYECKasl Peakius, 3ICKTPOMUOIpaMMa, TeMIlepaTypa KOXXH, AbIXaHHE, JaHHbIE aKCEIepPOMETPOB
u ap. [Ipu 5ToM Hamie ncmoap3yoTCs TPAAUIHOHHBIE AITOPUTMBI MAITMHHOTO 00y4YeHHUsI, TAKUE KaK PEIAfoIIne
JIepEeBbs, TUCKPIMUHAHTHBII aHAJIN3, METOJ OTIOPHBIX BEKTOPOB M IPYTHE, a TAKKE MOTHOCBI3HbIC HEHPOHHBIC CETH.
Hcnonp3oBanue 9THX METOIOB TPeOyeT OONBIINX 00EMOB JaHHBIX. McclienoBaTen paccMaTprUBaOT OTIINYAIOIINAECS
TIOIXOMBI K TIEPCOHATIM3AIMY WIIN OOIIHOCTH MOJEJIe OTHOCHTEIIBHO CyOBEKTOB, @ IMEHHO CyOBEKTO-HE3aBHCHMBIC 1
CyOBeKTO-3aBHCHMBIE (M3HAYAIBHO NEPCOHAIBHbIEC WM aJIalTHPOBAHHEIE) MOJeH. Llenbio npencraBieHHoi paboTh
SIBJISIETCS] pa3paboTKa MeTo/a JAETEeKTHPOBAHUS CTPecca Ha OCHOBE JaHHBIX BapHaOEIbHOCTH CEPICYHOTO PUTMA C
Y4eTOM Ipoliecca MepcoHaau3alud HeMpoHHbIX ceTeid. MeToa. st pelieHrs nocTaBIeHHON 3a/1a41 MPEIIOKEHO
MPUMEHEHUE CBEPTOYHON HEMPOHHOM ceTH. VccnenoBana 3aBUCHMOCTb TOYHOCTH JETEKTUPOBAHHS OT AJMHBI BXOJHOTO
curHasia. PaccMoTpena 3aBHCHMOCTh TOYHOCTH OT HCIIOJIB3yEMOTO B CETH CJIOSl YMEHBIICHHUS Pa3MEPHOCTH JAHHBIX
(omHOMEPHBII CBEPTOUHBIH CII0H, MAKCUMHU3HPYIOIIUI U YCpeAHAIOMmU myminHTH). [IpongeMoHcTprupoBaHa BaXKHOCTD
MEPCOHANN3AIIH MOJCICH, TS 3HAUUTEIBHOTO YBEIIMYCHUSI TOYHOCTH ACTEKTUPOBAHUS ISl KOHKPETHBIX CyOBEKTOB.
OcHoBHBIE pe3yabTaThl. [loka3zaHo, YTO MpeuiaraeMblii METO Ha OCHOBAaHUHU 60 MHTEPBAIOB MEXKIY yAapaMH
cep/ila 1Mo3BoJsieT OMHAPHO ONPEEIIUTh, HAXOIUTCS JIN YEJIOBEK B COCTOSHUM cTpecca. [lepconanmsarus cBepTOIHbIX
HEHUPOHHBIX CeTeW MO3BOJIMIIA TIOBBICUTh TOUHOCTH € 91,8 10 98,9 &+ 2.6 %. 3nauenue F1-mepsl nosicuiiock ¢ 0,907
10 0,983 + 0,038. O0cyxnenue. IlpernoxxeHHble NEPCOHATU3NPOBAHHBIE CETH MOTYT IPUMEHATHCSA B CHCTEMax
MOHHUTOPHHTA QYHKIHOHATIHHOIO COCTOSIHUS YeloBeKa. Takke MOTYT ObITh UCIIOJNB30BaHbl KAK YacTh CHCTEMBI,
MIPEAOCTABIISIONICH UM OTPaHUYMBAIOLICH TOCTYI K IPUBATHBIM PECypcaM Ha OCHOBAHHHU TOTO, HAXOAUTCS JIH YETOBEK
B COCTOSTHUH TIOKOSI B JAHHBII MOMEHT.

KiioueBble cjioBa
JIETEKTHPOBAHME CTPECcca, CBEPTOUHbIC HEHPOHHBIE CETH, MAIIMHHOE 00y4YeHue, BapuabelbHOCTh CEPIEYHOTO PUTMA,
CyOBEKTO-3aBUCHMBIC MOJICITH

Baaronapuoctu
Pabora moaroToBieHa B paMkKax MpoekTa «MeToasl THOPHIHOTO MHTEIICKTA JJIsS HOCTPOCHHS TeTePOTeHHBIX
MHOTOAreHTHBIX CHCTEM C CaMOOOydYeHHEM U camoopranusaiuein» nporpammsl passutist CIIGIDTY «JIDTW».

Ccplika pas nutupoBanus: /loopoxsanos M.O., @unaroB A.1O. [Tepconanusarys cBepTOIHBIX HEHPOHHBIX ceTel B
3aj1a4e 0OHAPYKEHUS CTPecca ¢ UCII0NIb30BaHUEM JJAHHBIX BAPUAOEIBHOCTH cepiedHoro purMa // HayuHo-TexHnueckuit
BECTHUK MH()OPMAIIMOHHBIX TEXHOJOIUil, MexaHuku u ontuku. 2023. T. 23, Ne 6. C. 1178-1186 (na anr. s3.). doi:
10.17586/2226-1494-2023-23-6-1178-1186

Introduction

Stress is the body’s response to perceived physical or
psychological threats [1] and it is defined as the transition
from a calm state to an excited state, triggering a set of
physiological responses [2]. Moreover, stress detection is
important for many health problems, such as depression,
anxiety, heart attacks and strokes [3]. Stress also affects a
person’s decision-making ability, attention span, learning
and problem-solving ability [4]. Therefore, stress detection
is an important task.

Various classical machine learning methods as well as
neural networks are used in various studies to solve this
problem. Also, various input data for stress detection are used
from various data sensors, such as electrocardiogram (ECG),
electrodermal activity (EDA), etc. This study proposes to
use a convolutional neural network which receives a set of
RR intervals (Heart Rate Variability (HRV)) as input data.
In [5], the authors successfully applied personalization to

EDA data. Based on that research, this paper examines
the process of personalization of convolutional neural
networks with HRV input data. Thus, the aim of the work
is to develop a method for stress detection based on HRV
data, taking into account the process of personalization
of neural networks, as well as the implementation of this
method. The proposed approach is competitive with other
modern methods. The code used in the work is available!.

Related works

Summary of review related works is presented in
Table 1. Wearable Stress and Affect Detection (WESAD)
is a commonly used dataset in related works (14 of 20) but
also some studies use their own data. Among the works
reviewed, ECG [2, 3, 6-13], EDA [2-6, 9, 11, 14-19] and

I Available at: https://github.com/Nightbot1448/human_
stress_detection (accessed: 10.01.2023).
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Table 1. Summary of reviewed related works

Paper | Year Dataset Subjects Data Model Accuracy, % Window, s
[2] 2018 | WESAD 15 ECG, EDA, BVP, Temp, | kNN, DT, RF, LDA, 92.83 0.25, 5,60
Resp, EMG, ACC AB
[3] 2020 | WESAD 15 ECG, EDA, BVP, Temp, | kNN, SVM, AB, FCN 95.21 1
Resp, EMG, ACC
[4] 2020 | WESAD 15 EDA kNN, SVM, RF 91.6 —
[5] 2021 | WESAD 15 EDA CNN 92.85 60
[6] 2022 | WESAD 15 ECG, EDA, BVP, Temp, | CNN using GAF 94.8 —
Resp, EMG, ACC
[7] 2016 | Other 42 ECG C4.5 tree 79 180
[8] 2021 | Other 20 ECG CNN 83.5 10
[9] | 2021 | WESAD 15 gg; gﬁé” i\c/g’ Temp. | o\ 97.75 +2.55 60
[9] 2021 | WESAD 15 ECG CNN 91.75+9.73 60
[10] | 2019 | AffectiveROAD, 9,17 ECG FCN 90.19 10, 60
Other
[11] | 2021 | WESAD 15 ECG, EDA, BVP, Temp, | LR 85.71 60
Resp, EMG, ACC
[12] | 2021 | Other 27 ECG kNN, SVM, FCN, RF, 83 30
GB
[13] | 2019 | Other 20 ECG CNN 82.7 10
[14] | 2020 | Other 20,3 HR, EDA CNN 82.5,93.8 —
[15] | 2021 | WESAD 15 EDA sTree 95.8 4
[16] | 2018 | Other 58 HR, EDA, Resp FCN 89.7 90
[17] | 2020 | WESAD 15 EDA, BVP, ACC, Temp | RF, DT, LR 96.68 +3.2 0.25
[18] | 2020 | Other 41 BVP kNN, LDA, FCN 82 60
[19] | 2021 | WESAD 15 EDA kNN, SVM, FCN, RF 87.5 60
[20] | 2022 | WESAD 15 BVP FCN 99.04 300
[21] | 2019 | WESAD 15 Temp, BVP, HR LDA, QDA, RF 87.4+104 15, 30, 60,
90, 120

Blood Volume Pulse (BVP) [2, 3, 6,9, 11, 17, 18, 20, 21]
were most often used as data sources. Also other sources,
such as respiration info (Resp) [2, 3, 6, 9, 11, 16], skin
temperature (Temp) [2, 3, 6,9, 11, 17, 21], electromyogram
(EMG) [2, 3, 6, 9, 11], accelerometers info (ACC) [2, 3, 6,
9, 11] used in some research. It should be noted that in most
cases many data sources are used when applying feature
engineering [2, 3, 6, 18, 21]. Time and frequency domain of
ECG, BVP and EDA are widely used in studies [2—4, 6, 7,
9, 10, 15, 16]. Some studies [2, 4, 5, 7, 8, 10, 12, 18-20]
extract features from only one data source. And also there
are few studies that use raw data (sometimes with applying
filters but without feature extraction) [5, 9, 13, 17].
Accuracy metrics reported ranged between 79 % [7]
and 99.04 % [20]. Half of the studies used neural networks.
Convolutional Neural Networks (CNN) were used in 6
papers [5, 6, 8, 9, 13, 14], Fully Connected Networks
(FCN) also were used in 7 studies [3, 10, 12, 16, 18-20].
Also different studies used machine learning methods.
Random Forest (RF) was used in [2, 4, 17, 21]. Support
Vector Machines (SVM) were utilized in experiments [3,
4, 12, 19]. Linear Discriminant analysis (LDA) was used
in [2, 18, 21]. AdaBoost classifier (AB) was utilized in

[2, 3]. K-nearest neighbor’s classifier (kNN) was used
in [2—4, 12, 18, 19]. Tree-based classifiers (like Decision
Tree (DT)) were utilized in [2, 3, 7 (C4.5 tree [22]), 15,
17]. Also Logistic Regression (LR) was used in [11,
17]. Indikawati and Winiarti [17] are the only ones who
directly used the signal without feature extractions with
the classical machine learning methods. Work [23] used
convolutional and long short-term memory [24] neural
networks for encoding signal with sequent passing to
clustering algorithms.

Materials and Methods

Data and preprocessing. Many studies conducted
in the field of stress detection use data collected by
researchers independently. This study uses the WESAD
dataset [2], which has also been used in many studies in
recent years [3, 5, 8, 14, 17, 20, 21]. It is a public dataset
containing ECG. RR intervals were calculated from the
ECG using the heartpy python library!. Data with stress

I Available at: https://python-heart-rate-analysis-toolkit.
readthedocs.io/en/latest/ (accessed: 10.01.2023).
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and resting state labels were taken from the dataset. The
amusement state was omitted. Next, the RR interval is the
interval between neighboring heart beats. The interval is
the set of RR intervals used as input data.

Model. The convolutional neural network [14]
has shown sufficiently high accuracy. Therefore, a 1D
convolutional network architecture was chosen. The
network architecture is a sequential use of the ConvX
block (Fig. 1, a) and the dimension reduction layer. The
ConvX block consists of a one-dimensional convolutional
layer with kernel size 3, a batch normalization layer,
and a ReLU activation layer. The network architecture
for the interval length (input data) equal to 60 is shown
in Fig. 1, b. One-dimensional convolution (kernel =
stride = 2), max pooling (kernel = 2) and averaging pooling
(kernel = 2) were considered as dimensionality reduction
blocks. The number of input layers for convolution layers
or ConvX blocks is given in parentheses. The first ConvX
block parameter (in) means that there may or may not
be a layer in the input data containing the difference
between consecutive RR intervals (numerical derivative).
The architecture depends in part on the maximum interval
length. The goal was to form an architecture where after
each ConvX block a dimensionality reduction layer could
be added (except the first and last). Thus, this architecture
made it possible to obtain the required data dimension
due to convolutional layers and dimensionality reduction
layers (without using fully connected layers). The results
of various modifications are presented in the following
sections.

Results

This section presents a comparison of different
modifications:

— using different interval (input data) lengths,
— choosing layers to reduce dimensionality,
— using numerical derivation.

This section also presents the impact of model
personalization for subjects.

Modifications. All modifications of the convolutional
neural network proposed in the research process were
implemented within this study using the PyTorch
framework!. In all experiments, the CrossEntropy loss
function was used, the ASGD optimizer (with default
parameters) was used, the number of epochs was 50, and
the batch size was 8.

The first study was the choice of interval size. Normal
resting heart rates range from 60 to 100 bpm [28].
Therefore, the number of RR intervals is not equivalent to
the number of seconds, but they can be mapped. 60 seconds
is a widely used interval in review studies. It was decided
to consider no more than 60 RR intervals with a step of
15. More than 60 RR intervals were not considered due
to too long initialization. The slide of intervals was 5 RR
intervals. Fig. 2 shows accuracy for different modifications
of models depending on input interval length. It can be seen
that for the lengths 15, 30, 45 there is a direct dependence
of the accuracy. In the case of input interval length equal to

I Available at: https://pytorch.org/ (accessed: 13.01.2023).

a b
[ ConvX (|n) } [ ConvX (16) } [ Reduce ]
[ ConvX (4) } [ Reduce J [ ConvX (8) ]
{ Reduce } [ ConvX (32) J [ ConvX (4) ]
[ ConvX (8) J [ Reduce } [ ConvlD (2) ]
[ Reduce }— [ ConvX (16) ]— [ Softmax ]

Fig. 1. Neural Network: ConvX block (a); architecture (b)

60, the accuracy for models without numerical derivative
is increased. For models with numerical derivation, for
the same input interval length, the accuracy decreases
regardless of the method of dimensionality reduction.
However, the accuracy for the interval length 60 with a
max pooling layer is greater (92.16 %) than the accuracy
of the other modifications.

As mentioned earlier, one-dimensional convolution
layers, max and averaging poolings were considered as
dimension reduction methods. Using convolution as a layer
for dimension reduction shows the lowest accuracy (Fig. 2).
If a numerical derivative was present in the input data,
the network with the averaging pooling determined stress
with higher accuracy in all cases except when the interval
length was 15. If the numerical derivative was not used,
then modifications with averaging and max pooling showed
greater accuracy depending on the interval length. However
the modification with the max pooling showed the highest
accuracy (92.16 %) with interval length equal to 60.

The inclusion of an additional layer containing the
difference of two consecutive RR intervals to the input data
was considered. This value can be treated as a numerical
derivative. This difference shows the dynamics of changes
in RR intervals, which can be perceived as the rate of
change in heart rate. For intervals of length 15, 30, and 45,
the accuracy of the networks, whose input was additionally
fed by the derivative, is higher than for the corresponding
one but without this addition.

In the case of an interval length of 60, the accuracy of
modifications without the numerical derivative is slightly
higher than that with it. The largest difference between
modifications with and without the numerical derivative

<90
>
§ -+ Conv
§ v AvgPool
< 88 MaxPool
Conv (der)
------ AvgPool (der)
36 ‘ —+— MaxPool (der)
20 40 60

Signal len

Fig. 2. Modifications accuracy
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Table 2. The metrics values of the modifications. The first three columns describe the modification type. The following ones are
metrics values for this modification

lselr%;gl I(;I:rrir:;rtiii]ael Rte;;;e Accuracy, % aclzilra;c(;f(‘i’ 0, Precision Recall F1-score ROC AUC
45 - avg 91.1 91.2 0.881 0.917 0.898 0.912
45 - conv 90.3 90.2 0.883 0.892 0.888 0.902
45 - max 90.5 90.0 0.915 0.859 0.886 0.900
45 + avg 92.0 91.7 0.915 0.896 0.905 0.917
45 + conv 91.5 91.0 0.925 0.874 0.899 0.910
45 + max 91.8 91.4 0.919 0.886 0.902 0.914
60 - avg 91.8 91.2 0.932 0.872 0.901 0.912
60 - conv 91.4 90.8 0.93 0.866 0.897 0.908
60 - max 92.2 91.8 0.922 0.893 0.907 0.918
60 + avg 91.7 91.2 0.924 0.878 0.900 0.912
60 + conv 91.2 90.8 0.908 0.883 0.895 0.908
60 + max 91.4 91.2 0.905 0.894 0.900 0.912

is 1.2 % (modifications with the max pooling or with the
convolutional layer, interval length 45).

Comparison of proposed modifications. This section
presents a comparison of the metrics of the various
proposed modifications (Table 2) when tested using all
data (without skipping subjects).

The modification with interval length of 60, max
pooling, and without numerical derivative has the highest
accuracy, balanced accuracy, F1-score and ROC AUC (Area
Under Receiver Operating Characteristic Curve) score. The
modification with interval length 60, averaging pooling,
and without numerical derivative has the highest precision
score. The modification with interval length of 45, without

the numerical derivative, and with the averaging pooling
has the highest recall. Almost all modifications with signal
length 60 differ from the best one by no more than 0.01
on Fl-score. Thus, all modifications with signal length 60
were considered for personalization. For all modifications,
the maximum accuracy was achieved after the 30th epoch.
But 95 % of maximum accuracy had been achieved in
the first 10 epochs because accuracy of some subjects
reached near 100 %. And in the process of further training
the accuracy of the rest of the subjects increased.

Models personalization. As stated earlier, each type
of these models may have advantages and disadvantages.
Subject-dependent models require a large amount of data.

Table 3. The accuracy of each subject’s personalization, %. The first value in column header is the dimensionality reduction method

used. The second is the use (Derivative) or omission (Default) of the numerical derivative

Subject Avg, Derivative Max, Derivative Conv, Derivative Avg, Default Max, Default Conv, Default
2 95.4 95.4 100.0 95.4 98.5 100.0
3 100.0 100.0 100.0 100.0 100.0 100.0
4 100.0 98.6 100.0 100.0 100.0 100.0
5 100.0 100.0 100.0 100.0 100.0 100.0
6 100.0 95.2 100.0 98.8 98.8 100.0
7 100.0 100.0 100.0 100.0 100.0 98.8
8 100.0 100.0 100.0 100.0 100.0 100.0
9 90.9 89.8 76.1 84.1 83.0 85.2
10 96.7 92.6 96.7 98.4 94.2 100.0
11 100.0 100.0 100.0 100.0 100.0 100.0
13 100.0 99.1 100.0 100.0 100.0 100.0
14 100.0 100.0 100.0 100.0 100.0 100.0
15 100.0 100.0 100.0 100.0 100.0 98.0
16 100.0 100.0 100.0 100.0 100.0 100.0
17 100.0 100.0 99.0 100.0 98.0 100.0
mean 98.87 98.05 98.12 98.45 98.16 98.8
std 2.61 3.27 6.14 4.16 4.48 3.8
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Table 4. The accuracy of the best model before and after personalization. Other metrics of best model after personalization

Subject ‘?e Cff)lrlzl?% Accura};)y after, Accurao;)y delta, a?c?ll;nc(;:% " Precision Recall Fl-score ROC AUC
2 68.2 95.4 27.3 93.2 1.0 0.864 0.927 0.932
3 743 100.0 25.7 100 1.0 1.0 1.0 1.0
4 100.0 100.0 0.0 100 1.0 1.0 1.0 1.0
5 56.6 100.0 43.4 100 1.0 1.0 1.0 1.0
6 100.0 100.0 0.0 100 1.0 1.0 1.0 1.0
7 60.7 100.0 39.3 100 1.0 1.0 1.0 1.0
8 90.0 100.0 10.0 100 1.0 1.0 1.0 1.0
9 54.6 90.9 36.4 88.6 0.926 0.806 0.862 0.886
10 43.0 96.7 53.7 95.8 1.0 0.917 0.957 0.958
11 97.3 100.0 2.7 100 1.0 1.0 1.0 1.0
13 100.0 100.0 0.0 100 1.0 1.0 1.0 1.0
14 97.2 100.0 2.7 100 1.0 1.0 1.0 1.0
15 91.8 100.0 8.2 1.0 1.0 1.0 1.0 1.0
16 100.0 100.0 0.0 100 1.0 1.0 1.0 1.0
17 76.0 100.0 24.0 100 1.0 1.0 1.0 1.0

General models are not taking into account the uniqueness
of the subjects. So personalization may be a good solution.
Another solution may be subjects grouping by similar
patterns of intervals or, in a simpler version, with similar
biological traits — gender, age, ethnicity, etc.

As stated previously, a personalization process was
performed for all modifications with an interval length of
60. Table 3 presents accuracy after personalization for the
modifications. The leave-one-subject-out (LOSO) approach
[29] was used for personalization. For each subject, the
following actions were performed:

— exclusion of the subject’s training data from the total
training dataset;

— CNN training;

— testing with the test data of the excluded subject;

— personalization of NN on the subject’s training data;

— testing on subject test data.

In the process of personalization, the weights were
adjusted not only for the predictor (the last convolutional
layer in the network), but also for all other layers. Loss
function, optimizer, count of epochs and size of batch was
same with model modifications experiments (subsection

Table 5. Accuracy of the proposed convolutional neural network and analogs on the WESAD dataset

Paper Method Data Accuracy, %
[2] LDA All Chest 92.83
[2] LDA ECG 85.44
[3] MLP All 95.21
[4] kNN EDA 91.60
[5] CNN EDA 90.00
[6] CNN using GAF All 94.80
[9] CNN All 97.75+£2.55
[9] CNN ECG 91.75+£9.73
[11] Logistic regression-based classifier HR 76.38
[15] sTree EDA 95.80
[17] (Subjects only) RF Wrist 96.68 £3.2
[19] SVM EDA 87.50
[20] MLP BVP 99.04
[21] LDA Skin Temp, BVP, HR 87.4+10.4
Ours CNN ECG 91.80
Ours (personalized) CNN ECG 98.87 £2.61
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“Modifications”). However, the highest accuracy for most
subjects was obtained within 10 epochs. Sizes of subject
datasets (amount of intervals) are in range [264, 487]
(mean: 373.13, std: 63.20) for training sets and in range
[66, 121] (mean: 92.67, std: 15.80) for test sets.

Based on Table 3, it can be concluded that the
personalized models of all modifications, on average,
give approximately the same result. The modification
with numerical derivative and averaging pooling shows
the highest accuracy (98.87 %) averaged over users.
The difference in accuracy before and after model
personalization is presented in Table 4. The table
also presents other metrics values of the models after
personalization.

Table 5 compares the accuracy of the proposed model
with analogues. Based on the table, it can be concluded
that the proposed network is competitive with analogs. It
can be seen that the accuracy in [20] is higher. However,
in that paper, various additional features were calculated as
preprocessing, which is additional resource consumption.
The proposed method avoids this action.

Conclusion

This research paper proposes a convolutional neural
network for human mental stress detection. The input data
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AHHOTALUA

BBenenue. BriepBbie peioKeH yIPOIICHHBIH MOAXO0] K TOCTPOCHHUIO OaileCOBCKHX HEMPOHHBIX CETEH, COYETAIOIIN
BEIYHCIIUTEIBHYIO 9(()EKTHBHOCT C BOZMOKHOCTEIO aHaIH3a mponecca oOyuenus. Mertoa. [Ipenmaraemsrii moaxon
OCHOBaH Ha OaliecaHn3alny JIeTePMUHIPOBAHHOH HEPOHHOM CETH OCPEICTBOM PaHIOMH3AINY TTAPAMETPOB TOJIBKO
Ha ypoBHe nHTepdeiica. @opmuposanne OailecoBCKoi HEHPOHHOW CETH Ha OCHOBE 3aJJAHHOH CETH OCYILECTBIISETCS
MyTEM 3aMEHbI ee TapaMeTPOB Ha BEPOSATHOCTHBIE PACIPEIEIEHNs, KOTOPbIE UMEIOT B KaUYeCTBE CPEHEr0 3HAUCHUS
napameTpbl UCXOAHOW Momenu. OueHkr MeTpUK FGGHEKTUBHOCTH HEWPOHHOW CETH, MOJYYCHHOW B pamMKax
paccMaTpuBaeMoro Imoaxoaa, U 0alleCOBCKOM HEHPOHHOW CETH, MOCTPOSHHOM MOCPEICTBOM BapHALIMOHHOTO BBIBOAA,
BEITTOTHEHBI C MCIOJIb30BAaHNEM METOJ0B TOTIOJIOTMIECKOTO aHaln3a JaHHBIX. OcHOBHBIE pe3yJbTaThl. IIpomnenypa
OaliecMaHM3alNN PeaJn30BaHa ¢ IOMOIIBIO IPAJyHPOBAHHOTO BapbUPOBAHMS WHTCHCHBHOCTH PaHIOMH3AIHH.
B kadecTBe anbTepHATHBEI HCIIOIB30BAHBI J1BE HEHPOHHBIE CETH C HICHTUYHON CTPYKTYPOH — JNeTepMUHHPOBAHHAS
M KJaccuyeckas OaifecoBckas. Ha BXoJ HelpOHHOW ceTH MOJaBalMCh MCXOAHbBIE JaHHBIE JBYX JaTaceToB U3
MEJIMIIMHCKOTO JOMEHA B BapHaHTax 0e3 3allyMIICHHS U C JOOABICHHBIM I'ayCCOBCKUM IIyMOM. PaccunTaHbl HyseBble
U TIepBbIe MEPCUCTEHTHBIE TOMOJIOTUH ISl SMOSIIMHTOB (POPMUPYEMBIX HEHPOHHBIX CETel Ha KaKIOM H3 CIIOEB.
Jlnis oneHKH KayecTBa Kiaccu(UKAIMK MCIOIb30BaHA METPUKa TOYHOCTH (accuracy). I[Tokasano, uto 6apKoasl At
SMOEIAMHTOB Ha KaXI0M cjioe OaliecHaHU3UPOBAaHHOW HEHPOHHOI CETH BO BCEX YETHIPEX CIIEHAPHIX HAXOASTCS
MEX]Iy COOTBETCTBYIOIIUMHE OapKoIaMu JAeTCPMUHHPOBAHHON M OaifecOBCKOI HEHMPOHHOU ceTeil Kak /sl HYJIEBBIX,
TaK U JUIS MEePBBIX MEePCUCTEHTHBIX TOMOJIOTHH. IIpH 3TOM JeTepMUHNpPOBAaHHAS HEHPOHHAS CETh SIBIISICTCS] HIDKHEH
rpaHuIei, a 6GallecoBckast — BepxHeil. [loka3aHo, 9TO CTPyKTypa acCoIManynii JaHHBIX BHYTPH OaliecHaHM3HpOBaHHON
HEHPOHHOU CeTH HaclleAyeTcCsl OT JeTepPMHHHPOBAHHOM MOJENN, OJHAKO IpHoOpeTaeT cBoicTBa 0alieCOBCKOM.
OKCHEepUMEHTAIbHO YCTAHOBJICHO HajlU4KMe B3aUMOCBSA3U MEXJy HOPMUPOBAHHOM NMEPCUCTEHTHOH 3HTponuei,
BBIYUCIISIEMON Ha dMOeqIMHraX HeMPOHHOM CeTH, U TOUHOCThIO HEHPOHHOU ceTu. [l mpeackazaHusi TOYHOCTH
HanboJee Mmoka3areabHON OKa3aiach TOMOJIOTHS SMOEAMHIOB Ha CPETHEM CII0€ MOZIeNN HelfpoHHOM cetn. O0cyskaeHue.
IIpennaraemslii MOAXOA MOXKET OBITH MCHOJIB30BAH JJISl YIIPOLICHUS MOCTPOCHHS OaileCOBCKOW HEHpPOHHOW CeTH
"3 yke 00ydeHHOW JeTepPMUHUPOBAHHOW HEHPOHHOH ceTH. DTO OTKPHIBAET BO3MOKHOCTH MOBBIIICHHS TOYHOCTH
CylIecTByIOIe HEeHPOHHOH ceTn 0e3 aHCaMOIMPOBAHUS C JONMOTHUTENLHBIMHU Kiaccupukaropamu. IlosBiseTcs
BO3MOKHOCTb IIPOAKTUBHOM OIEHKH d(PEeKTHBHOCTH (pOpMUPYEeMOi HEHPOHHON CETH Ha YHPOIIEHHBIX JAaHHBIX 0e3
3aIyCcKa Ha peajJbHOM JaTaceTe, YTO COKPAIaeT PECypPCOEMKOCTh ee pa3paboTKH.
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Abstract

For the first time, a simplified approach to constructing Bayesian neural networks is proposed, combining computational
efficiency with the ability to analyze the learning process. The proposed approach is based on Bayesianization of a
deterministic neural network by randomizing parameters only at the interface level, i.e., the formation of a Bayesian
neural network based on a given network by replacing its parameters with probability distributions that have the
parameters of the original model as the average value. Evaluations of the efficiency metrics of the neural network were
obtained within the framework of the approach under consideration, and the Bayesian neural network constructed
through variation inference were performed using topological data analysis methods. The Bayesianization procedure
is implemented through graded variation of the randomization intensity. As an alternative, two neural networks with
identical structure were used — deterministic and classical Bayesian networks. The input of the neural network was
supplied with the original data of two datasets in versions without noise and with added Gaussian noise. The zero and
first persistent homologies for the embeddings of the formed neural networks on each layer were calculated. To assess
the quality of classification, the accuracy metric was used. It is shown that the barcodes for embeddings on each layer of
the Bayesianized neural network in all four scenarios are between the corresponding barcodes of the deterministic and
Bayesian neural networks for both zero and first persistent homologies. In this case, the deterministic neural network is
the lower bound, and the Bayesian neural network is the upper bound. It is shown that the structure of data associations
within a Bayesianized neural network is inherited from a deterministic model, but acquires the properties of a Bayesian
one. It has been experimentally established that there is a relationship between the normalized persistent entropy
calculated on neural network embeddings and the accuracy of the neural network. For predicting accuracy, the topology
of embeddings on the middle layer of the neural network model turned out to be the most revealing. The proposed
approach can be used to simplify the construction of a Bayesian neural network from an already trained deterministic
neural network, which opens up the possibility of increasing the accuracy of an existing neural network without ensemble
with additional classifiers. It becomes possible to proactively evaluate the effectiveness of the generated neural network
on simplified data without running it on a real dataset, which reduces the resource intensity of its development.
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BBenenue

Baiiecosckue ueriponnsie cetr (BPHC) 3anmmaror Bax-
HOE€ MECTO B psifly HeHpoceTeBbIX apxuTektyp. OHu cTpo-
SITCsI ITyTE€M BBEIICHHUS B OOBIUHYIO apXUTCKTYPy HEHPOHHOMN
cetu (HC), BocmpousBosiieli mpou3BOIbHYO (QYHKIIHIO
y = ®(x), CTOXaCTUYECKUX KOMIIOHEHTOB, HAIIPUMEDP, CTO-
XacTH4YeCKON (DYHKIMM aKTHBAIMK § WM CTOXAaCTHYECKO-
ro BeKTopa napameTpoB 6 ~ p(0), T. e. mapametp 0 pac-
MIPEJICJICH 110 HEKOTOPOMY BEPOSITHOCTHOMY 3akoHY p(0).
B pesynbrare ¢pynknus @ craHOBHTCS anmpoKcuManuei
3HAUEHMS Y IPHU HAJMYUU CIy4YalHOU IIYMOBOM KOMIIO-
HEHTHI €: ) = Dg(x) + €.

Pabdory BHC moxHO paccMaTpuBaTh Kak MOIETHPO-
BaHHE HECKOJIBKMX BO3MOKHBIX Mojenel 6 ¢ cooTser-

CTBYIOIIMM pacipeecHueM BeposiTHocTeit p(0), T. €. Kak
YaCTHBIN CITy4ail aHCaMOJIeBOr0 00y UEHHsI, IPU 3TOM IpaK-
THUYECKH 1151 Tr000i erepmunnpoBanHoil HC MoxHO 1o-
CTpouTh ee OaiiecoBckuii anasor. Tak kak arpernpoBaHue
MPOTHO30B 0OJIBIIOT0 HAOOpa HE3aBUCUMBIX MTPEJINKTOPOB
cpenHeit 23(h(PeKTHBHOCTH MOXKET IPUBECTH K JIYUIIINM IPO-
THO3aM, YeM OJINH BBICOKOI((EKTHBHBIN IPEAUKTOP, TO
BHC moryT obecrieunTs Jrydrryto 3G (heKTHBHOCTD, a TAKXKe
MPUHIUITHAIBHO SIBIIAIOTCS Oostee poOaCTHBIMU IO CpaBHe-
HUIO ¢ neTepMuHIpoBaHHEIMA HC (¢ TOUeYHOI OIIEHKO).

Tem He MeHee, HecMOTps Ha SiBHBIE JocTonHCcTBA, BHC
MIOKa He MOTyYMIN 3HAYUTENILHOTO PAaclIpOCTPAHEHHUS, YTO
OOBSICHSIETCS TOBBIIIEHHON CIOKHOCTBIO MPOLEIYPhI UX
oOyuenust u HacTpoiku. Bo-nepsrsix, B BHC xpatHO (110
CPaBHEHHUIO C COOTBETCTBYIOIIUM JE€TEPMUHUPOBAHHBIM
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AHaJIOrOM) BO3pacTaeT YMCII0 HaCTPanBaeMbIX TUIIEepIapa-
METPOB, @ BO-BTOPBIX, HEOOXOIMMO IOJIYYUTh OLEHKY He
OT/ICJIFHOTO BEKTOpa MapamMeTpoB 0, a ero pacrpeieneHus
p(0). B 3TUX yCIOBUAX YIPOIIAOIINE METOIABI OI[CHKH
p(0), Takue Kak comIIpoBanue MmetogoM Monrte-Kapio n
BapUANMOHHBII BBIBOJ Ha 0a3e THUIOBBIX PAaCHpeesICHHH,
OKa3bIBAIOTCS PECYPCO3aTPATHBIMU B TUIAHE BPEMEHHU U
BBIYMCIUTENBHBIX MOIIHOCTEH. C IpyToii CTOPOHBI, CTaH-
JapTHast poIeypa nox00pa TUIIepnapaMeTpoB 0 CETKE
MIPaKTHYECKH TEPsIeT CXOAMMOCTH, TaK KaKk pa3padoTUuK
HE UMEeT HHCTPYMEHTAPHS TS OTCIISKUBAHNS U3MEHEHUH
BHyTpeHHero coctostHusg BHC B xozne panaomMusanun.

B nocneanue rofsl NOSABUINCH MPEATIOKEHUS UCTIONb-
30BaTh B Ka4€CTBE TAKOIO0 MHCTPYMEHTApHUs TOMOJIOTHU-
YeCKUi aHaIu3 JaHHBIX [1], B mepByro ouepens ammapar
nepcucteHTHBIX romoyoruid (I117) [2]. " mo3BomstoT 3¢h-
(DEeKTHBHO BBIYHCIATH M OLEHUBATh MYJIbTUMACIITA0HbIC
TOTIOJIOTHYECKHE 0COOEHHOCTH BIIOKEHHBIX CEMEHCTB
CHUMITIMIINAIBHBIX KOMIUIEKCOB M TOTIOJIOTHYECKUX MPO-
CTPAHCTB, XapaKTePH3YIOIMX BHyTpeHHee cocTostane HC
1 ero TpaHc(pOpMAaIiH B X0/1¢ OLEHKU (QYHKINH )y = D(x),
1 TeM caMmbIM BbiBecTd HC M3 mapaaurmMel «4epHOTO SIIH-
ka». OHAaKO U3BECTHBIC pabOTHI (CM. 1aiee B pasjeie
«CocrosiHre npoOIeMbl») OrPAaHUUUBAIOTCS ITPUIIOKEHUEM
anmnapara I1I" Toneko x gerepmunupoBanHsiM HC, B TO
BpeMsl Kak nepexoj k croxactuueckum HC u, B yactHocTH
kx BHC, ocraercs BHe 1mojst 3peHusl UCClIeA0BaTeNen.

Takum 006pazom, pa3paboOTKa MOX0I0B K IIOCTPOCHHIO
BHC, coueraiomux BBMUCIUTENBHYIO 3()()EKTUBHOCTD C
BO3MOXXHOCTBIO aHAIM3a mpolecca 00ydeHHUs, SIBISCTCS
aKTyalbHOW 3amadeil. B HacTosmeit pabote ¢ 3TOi 1epo
MPeIOKEH TMOAXO0/, OCHOBAHHEIN Ha OaliecHaHU3AIUN
nerepmuaupoBanHoi HC mocpencTBOM paHaoMHU3aIH
napaMeTpoB Ha ypoBHe uH(epenca. [Toj Oaiiecnanu3arm-
eit HC [3, 4] nonumaercs popmupoanune bHC Ha ocHoBe
3ananHoil HC myTem 3amMeHBI TapaMeTpoB MOCHEAHEH Ha
BEPOSTHOCTHBIE PacHpe/ieIeHUs, KOTOPbIE UMEIOT B Kade-
CTBE CPEJIHero 3Ha4eHUs ImapaMeTpbl UCXOJHOW MOJeNu.
[Moxyuennas B xoze storo nporecca HC B pabore Ha3bl-
Baercst Oaifecnannsuposannoil HC. C ucnonb3oBanuem
METOJIOB TOIOJIOTHYECKOTO aHAJIN3a JaHHBIX MPOBEICHBI
oreHkH MeTpuK 3 dexkruBHOCTH HC, mony4eHHO! B pam-

Kax paccmaTrpuBaeMoro nojxonaa, 1 bHC, noctpoennoii
MOCPEICTBOM BapHallMOHHOTO BhIBOJa. CpaBHEHHUE Kilac-
cuueckux it HC mMeTpuk, a Takke METPUK, OCHOBaH-
HBIX Ha Beruucienuu I1I, mokasano, 4To ob6a BapuaHTa
HC o0ecrieunBaror cornocTaBUMbIe TOKazaTenan dpQex-
TUBHOCTH, IIPH 3TOM IIPEIJIOKCHHBIA OAXOJ SBISCTCS
MEHee pecypco3aTpaTHBIM 10 CPAaBHEHHIO ¢ BAPUALIMOHHBIM
BBIBOJIOM.

CocTosinne npodieMbl

Tononornuecknii ananms nanueix (TAQ) [1, 5, 6] npen-
CTaBISICT COOO0I0 KOMIUIEKC METOZOB aHAJIN3a TOIIOJIOTH-
YECKHX M TEOMETPHUECKHUX CTPYKTYP, JISKAIINX B OCHOBE
JAHHBIX, TPUYEM TOCIEIHNE YacTO PENPE3CHTUPYIOTCS
Kak o0Jlaka TOYeK B €BKJIMJ0BOM MM Oosee o0mux me-
TpUYecKHuX mpocTpaHcTBax. B wactHoctn, TAJl — ogun
13 HanboJsee MPOIBUHYTHIX CPEACTB N3YUCHUS BHYTPEHHEH
CTPYKTYpBI Ipu3HaKoBoro mpoctpanctsa HC [7-10].

OcHoBHBIMH 00beKTaMu B TA /] SIBISIFOTCS CUMITTHIIN-
anbHbIe KOMIUIEKChl. Ha puc. 1 cxemarnuHO M300paXkeHo
MOCTPOEHUE CUMILTUIIMATBHOTrO KomIuiekca Yexa [1]. dis
9TOTO BOKPYT KaXIOH TOUKH, NPHUHAJIekKAIIed o0saky
JTaHHBIX (pHC. 1, @), CTPOSATCA Iapbl HAPACTAIOMIETO PaIN-
yca € (puc. 1, b). Iloka & man, 00beMHEHUE BCEX €-IIaPOB
COCTOHMT M3 HENEPECEKAIOINXCs e-1apoB. Ecii € Benuk, To
nX 00bEANHEHNE CTAHOBUTCS OTHUM ITPOCTPAHCTBEHHBIM
KOMIOHEHTOM. [IpoMexyTouHbIE 3HAUEHHS € TTO3BOJISIOT
MPOCIEINUTh MOCTENEHHYI0 (QUIBTPAIHIO, T. €. 00bEan-
HEHHE OT/ICIBbHBIX TOUEK M (POPMHUPOBAHUE CBOETO poja
MHOT'OMEPHOU KJIACTEPHOUN CTPYKTYPbI JAHHBIX.

I1I" no3BossieT paccMarpuBaTh BCE 3HAUEHUs € OJHOBPE-
MEHHO, o0ecIeunBas TeM CaMbIM €ANHOE MPE/ICTaBICHUE
TOIOJIOTMYECKNX CBOWCTB oOaka naHHbIx. 1" yaie Bcero
rpadu4YecKy MpeICTaBIsIeTCs B BUJIE JMarpaMMbl, Ha3bIBa-
emMoii 6apkozoM (puc. 2), comepkamniell OTpe3Kn, KOTOPBIS
OTBEYAIOT 3a BPEMs JKH3HU CBOMCTB, COOTBETCTBYIOIINX
TOH MM MHOM rpymne romonoruil punsrpauuu Hy, H, ...
Kaxnprit mHTEpBaN OapKo/a UMEET HAYAIO 14, KOTOPOE
COOTBETCTBYET MOMEHTY HOSIBIICHUS OIPEIEICHHON TOMO-
JIOTUH, U KOHEII £,,,,;,, KOTOPBIIl COOTBETCTBYET MOMEHTY €€
MCYE3HOBEHHUA. | OMOJIOTHH MOTYT UMETh Pa3HbIe pa3mep-
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Puc. 1. Obnaxo To4eK (@) ¥ MOCTPOEHHE CUMILTUIIAIBHOTO KoMIutekca Yexa (b)

Fig. 1. Cloud of points (a) and construction of the Cech simplicial complex (b)
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Puc. 2. Tlpumeps! 6aproza uist Tpynn romonoruit Hy (a) u Hy (b).

€ — napamerp ¢uisrpanuu, N — HOMEp roMOJIOTHH B IOPSIJIKE
POXKICHUS

Fig. 2. Example of a barcode: H), /] — homology groups,
¢ — filtration parameter, N — homology number in birth order

HoctH. Tak, HyJeBas Ipynna romMojaoruii / onucsBaeT
OTCYTCTBUE IIyTEH MEXAY IpyNIlaMHU TOYEK — Kaxzas
TOMOJIOTHSI B HEKOTOPOM CMBICIIE CUTHAJIU3UPYET 00 OTCYT-
CTBMU ITyTU MEXy KOHKPETHOI mapoii knactepos. Ilepas
rpyImna roMoJa0ruil /4; ONUChIBaeT CUTYallUH, KOTJa MEKIY
IpYIIaMU TOYEK €CTh PA3JIMYHbIC IyTH, KOTOPHIC HEb3s
nedopMHupOBaTh IpyT B JIpyra — OIMMKANRIINM ITPUMEPOM
SIBIISIETCS. OKPY>KHOCTB, MEX/Y JIIOOBIMH JIByMSI TOUKAMHU
KOTOpOM ecTh [1Ba BapuaHTa MyTU. bonee MHOromepHsble
TPYTIIBI TOMOJIOTHH ONHCHIBAIOT Ooiee adCTPaKTHBIC Xa-
PaKTEPUCTUKH, KOTOPbIE MOKHO ONUCATh KaK HaJINIUE
7-MEpPHOM MyCTOTHI B pocTpancTBe. Takum obpazom, I1I°
TO3BOJIAIOT YBUJCTHh HAa pa3HbIX MacmTa6ax HaJIu4yue n
OTCYTCTBHE «MHOT'OMEPHBIX ABIPY» B Aaracere B (hopmare
Oapkona.

Panr n-oi rpynnel rOMOIOTUU CUMILIUIIMAIBHOTO KOM-
IuleKca HasbiBaeTcs uuciioM berru b,,. B uactHocty, b)) Xa-
PaKTepU3yeT YHUCIIO CBA3aHHBIX KOMIIOHEHTOB, b| — YHUCIIO
OZIHOMEPHBIX OTBEPCTHH, H T. 1.

IToctpoenue IIT" u BeluMciienue yucen bertn — Hau-
Oornee MUPOKO MPUMEHSIEMBbIE TPUIIOKeHNS armapara TA ]
k a"Hammu3y HC, npu 3ToM mpeaMeToM aHaiu3a SBISIOTCS
pazmuunbie actiekTsl HC. B pabote [11] uzydyena Tomo-
JIOTHSI MHAYIIUPOBAHHOTO rpada, OMUCHIBAIOIIETO pac-
MIPOCTPAaHEHUE BBIUHUCIUTEIBHOTO Mpolecca OT BXoJa K
Beixony HC, B paborax [12, 13] — Tomosorus rpaHuiibt
pasznena kinaccudukatopos Ha ocHoBe HC, B padorax [14,
15] — Tononorus smo6euHroB, Kotopsie HC hopmupyer
Ha OTJENbHBIX c10sAX. OTMETUM, 4TO MOCIEAHUN MOIXO0]
TIPE/ICTABIISACTCS] HAanOoJIee BHIPA3UTEIILHBIM JUIsl OTIMCAHUS
TpaHchopManuii BHyTpeHHero npoctpancta HC, mostomy
B HacTOsIIIEeH paboTe UCIIOJIb30BaH HMEHHO OH.

Jns KONM4eCTBEHHON OLEHKH TOIOJOTHUYECKHX
cBoiictB HC ucmonb3yercs MOCTOSHHO pacIIUPSIONTICS
psi METPHK, B TOM YHCIIE TOMOJIOIMYECKasl CI0KHOCTh
(topological complexity) [12], HelipoHHas ycTOWUH-
BocTh (neural persistence) [15], HelipoHHOE clIIMBaHUE
(neural stitching) 1 IeHTpUPOBaHHOE BBIPABHUBAHUE S,Ipa

(centered kernel alignment) [16], u np. OgHako aHamu3

CYILECTBYIOIIETO CIEKTPa METPHUK ITOKa3bIBALT, 4TO 001IIe-

NPU3HAHHBIN MX HAOOp B HACTOSIEE BPeMsl OTCYTCTBYET;

OHHU BO MHOTOM SIBJISIIOTCSI TPOOJIEMHO-OPHEHTHPOBAHHBI-

MH, T. €. KOHCTPYUPYIOTCSI U IIPUMEHSIIOTCS aBTOPAMU B

COOTBETCTBUU C KOHKPETHOH peraemMoit 3aaueil. B cszu

C 9THM B HacTosmIel pabore ObUTH OMPOOOBAHKEI 6 THITOB

METPHK, OTPAXKAIOUINX KAaK OOIMIETONOIOTHIECKHE, TaK U

MH()OPMAIMOHHBIEC ACHEKTHI TOIOIOTUN aHATU3UPYEMbIX

HC (tononoruu moapoOHO oXxapaKTepU30BaHbI B CIETYIO-

meM pasaene «Marepuanbl 1 MEeTOIBI» ).

B 00JIbIIMHCTBE pacCMOTPEHHBIX PabOT M3yueHbI (hax-
THYECKH TOIOJIOTHYECKUE actekThl padorel HC, riaBHBIM
00pa3oM — 3aKOHOMEPHOCTHU BBINOJIHSEMBIX €0 TOIOJIO-
rudyeckux udmenenuit [14, 17-20]. B o e BpeMs CBsI3b
MEK/Ty TOIOJIOTHIecKuMy Xapakreprctiukamu HC u ee tu-
TIOBBIMH METPHUKaMHU PACCMOTPEHBI B €ANHUYHBIX PaboTax.
Hanpuwmep, B pabote [14] moka3ana CBsI3b MEXIy TOYHO-
CTBIO Ha TECTOBBIX JAHHBIX (accuracy) ¥ BpeMEHEM >KU3HH
HamboJee CTOMKUX OJHOMEPHBIX TOMOJIOTHI TPOCTpaH-
CTBeHHBIX GuasTpoB nepsoro ciost HC. B [17] momy4enst
OIIEHKH MUHUMAJIBHO TOCTIKUMOH omuoOku o0yuenns HC
B 3aBUCHMOCTH OT TOIOJIOTHYECKUX XapaKTePUCTHK BXOI-
HBIX TAaHHBIX U MEPBBIX CI0eB MonHoCcBa3HbIX HC.

Crnenyer OTMETHUTh, UTO NMPAKTUYECKU BCE HAWICHHBIC
paboTHI HCIIOIB3YIOT B Ka4ecTBE 0ObEKTa H3yUYEHUS TOIIO-
JIOTUYECKHUX CBOWCTB JETEPMUHUPOBAHHBIE TIOJIHOCBSA3HBIE
HC nu3koii pazmepHOCTH, 3HAYUTEIBHO pexe [15] paccma-
TpuBatoTcs AerepmunupoBanabie HC riry6okoro o0y4eHusI.
B TO ke BpeMsi MOIBITOK TOMOJIOIMYECKOTO aHaIn3a CTO-
xactnaecknx HC B 1OCTYIHBIX aBTOpaM HAay4HBIX paboTax
He 00Hapy’KEHO.

baitecnanmzanus nerepmuaupoBaHHoi HC kak cpen-
ctBO coznannst BHC ocHOBBIBaeTCS Ha MPEIOKEHHOM B
[3] MeTome MHAYIHPYIOUINX BECOB, KOTOPHII MMO3BONISET
3aMEHHUTh BapualoHHbIi BeIBOJ B BHC Ha HU3KOpasmep-
HBIE aHAJIOTU pealbHbIX MaTpull BecoB. Ero mporpammHast
peanuzanus MpejcTaBieHa B OTKPHITOM JIOCTYIIE B BUJIE
nporenypsl bayesianize B makere PyTorch, xotopas co-
JIeprKaTesIbHO CBOJUTCS K paHaoMu3anny napamerpos HC.
OnHako B OONBIIMHCTBE U3BECTHBIX padoT [21] mponenypa
bayesianize mpumensieTcs Ha 3tanax oOyuenus HC u ee
npuMeHeHns (nH(pepeHca). B aTom ciaydae momHomIeHHAS
Oatiecmanm3anus npenoOydeHHBIX HEMpoceTe KpaiftHe
3aTpyIHEHa.

TaxkuMm 06pa3om, TPOBEACHHBII aHATTN3 HAYYHBIX PaOOT
MOATBEPIKIAET aKTyaJbHOCTh MPOOJIEMBI, pacCMaTpHUBae-
MOH B HacTosiei paboTe, U MO3BOJSIET CHOPMYIUPOBATH
OCHOBHBIE €€ 3aa4H:

— BBISIBUTH M OKCIIEPHUMEHTAIBHO OLEHUTH BO3MOXKHOCTh
ynpouieHHoro nocrpoenust BHC nmytem pannomusanuu
napaMeTpoB yke 00yueHHOH JerepmuHuposannoil HC
TOJIBKO Ha ypOBHE HH(EpeHca;

— SKCIIEPUMEHTAIBHO OLCHUTH HAJIMYHUE CBSI3U MEXKAY
metpukamu [1I, Berancisemeivu Ha aMOenauarax HC,
u 3¢ exTuBHOCTHIO paboTsl 00yuennoit HC Ha peais-
HBIX J1aTaCeTax;

— BBIIeNUTh MeTpuKy I, BIUMCISeMyI0 Ha SMOeAINH-
rax HC, xoropast mo3Bosisier Hanbosee BhIPa3UTEIbHO
oueHuTh dpdexrnBHOCTH padboTsl 00yuenHorr HC Ha
peaslbHBIX JaTaceTax.

1190

Hay4yHO-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MeXaHUKn 1 ontukn, 2023, Tom 23, N2 6
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 6



A.C. BatbsiH, H.®. l'ycaposa, [.A. Job6peHko, K.C. MNaHkosa, 1.B. Tomunos

MaTepna.ﬂ bl 1 ME€TO/bI

Paccmotpum Tpu Bapuanra HC:

— nerepmunupoBanHasg HC — nonnocssznas HC, nis
KOTOPOH Iporecchl 00ydeHns 1 nHQEpeHca SBISIFOTCS
JIeTePMHUHUPOBAHHBIMH;

— BapuannonHas BHC — BHC, monmy4enHnast U3 netepmu-
HupoBanHoi HC mocpencTBoM BapuaimOHHOTO BBIBOJA
C TmapaMeTpaMH, paHJAOMHU3NPOBAHHBIMU Ha OCHOBE
MYJIBTHIUIMKATUBHOTO IIyMa bepHyimin, npudem paH-
JIOMH3aLHS IPOUCXOANT KaK B Iporiecce 00ydIeHus, TaK
U B mporiecce MH(pepeHca; B Ka4eCTBE MEPhl OJIM30CTH
MEXJly MCIIOJIb3yeMOl BapualnoHHOW (yHKIMEH u
arocTepuopHbIM pacnpexnenenuem p(0|D), rne D —
TPEHUPOBOYHBIE JAHHBIE, UCIOJIB3YETCS JUBEPIEHIHS
Kynn0axa—Jleitbnepa;

— Oattecnanmzuposannas HC-HC, nosryuennas u3 ge-
tepmuHupoBanHoit HC nocpeacTBom pangoMuzauuu
MapaMeTpoB Ha OCHOBE MYJIbTHUIUIMKATHBHOTO LIyMa
beprynnm, mpuiemM paHAOMHU3AINS TPOUCXOANUT TOJIb-
Ko B mpouecce nHpepeHca. B 3Tom ciryuae BBITONHSA-
ercst ob0yuenue perepmunupoBannoil HC, HO Ha 3Ta-
ne nHpepeHca K napamMerpam MoJIeNId PUMEHSIETCs
MyJIbTUINIMKATUBHBIN 1IyM TUIA bepHY/In, KOTOpHIi
(dakTrueckn peanusyer dropout 3a c4er ciy4aiHOTo
OOHYJIEHUS] HEKOTOPBIX ITapaMETPOB yike 00yUCHHOM
ceru. B pesynsrare gpopmupyercst ancamOib ITyOOKHX
HEUPOHHBIX CeTel, KOTOPbIH, 110 TUIOTE3€ aBTOPOB,
MOXHO paccMmarpuBaTh kak BHC. 3anadeit paborsl
SIBIISICTCSI AKCTIEPUMEHTAIBHOE TOATBEPKACHNE ITOM
THITOTE3HI.

Hus popmupoBanns OaitecnannzupoBannoit HC mpen-
JIOKEHa CIIeytomas mporeaypa OaliecnaHu3arim: Bapby-
pPyEM MHTEHCUBHOCTb PaHAOMU3aInH (IapaMeTp p B IIyMe
Bbepuynnu) rpagyuposano ot 0 1o 1 10 Tex mop, moka
BbIOpaHHast MeTprka Ha ocHoBe 11" He u3mennTes Ha 10 %
OT U3HAYAJILHOU BEJIUYUHBI (0€3 paHIOMH3AIINN ).

Crpykrypa uccienyembix HC Obuta BeIOpaHa UacH-
THUYHOH (C TOYHOCTBIO JI0 apaMeTpU3aIiK) U MOCIOHHO
nipescrasiena Ha puc. 3. Cinoii Flatten mepeBoxut BXomHOE
MHOTOMEpPHOE M300paKeHUE B JIBYMEpHOE. 3areM Iocie-
JIOBATEJBbHO HMCIONB3YIOTCs J1Ba JIMHEHHBIX (Linear) cios
co craHmapTHoU QyHKuel akruBanmun LeakyReLU, aro
YBEIMYHMBACT NIyOMHY CETH U €€ CIIOKHOCTb.

HccnenoBanne MpoBeEHO Ha CIIEMYIOMINX JaTaceTax:
— COVID-pgaracer — nabop mauubix!, comepxammuin

3093 u300pakeHus, MOJYYEHHBIX C TIOMOIIBIO PEHT-

TEHOBCKOM ToMOTrpaduu, KOTOpbIe ObLIH pa3/ielieHbl Ha

JIBE KaTeropuu: 310poBsle u 0oabHBIe COVID-19;

— FETUS-garacer — Habop JaHHBIX2, coaepKamui
2126 3ammcel, Kaxxaasi 13 KOTOPBIX COACPKHUT HHPOP-
Manuo o 21 cBoiicTBe, U3BIEUEHHOM U3 KapAHOTOKO-
rpamM, KJIaCCHU(UIIMPOBAHHBIMH 3KCIIEpTaMU-aKyIlIe-
paMu Ha TpH KaTeTOpUH: HOPMaJIbHBIN, TOA03PEHNE Ha
HaJINYUE MaTOJIOTUH U NATOJIOTUIECKHUH.

I [Dnekrponnsiii pecypc]. Peskum pocryna: https://www.
kaggle.com/datasets/ahematejal 9bec1025/covid-xray-dataset
(mara obparmenus: 11.11.2023).

Flatten

Linear
LeakyReLU

Linear
LeakyReLU

Puc. 3. CTpykTypa HcCIeayeMbIX HEHPOHHBIX ceTel
Fig. 3. Structure of the studied NN

OKCIEPUMEHTHI BBITIOIIHEHBI 110 YETHIPEM CIICHAPUSM.

Ha Bcex Tpex cersix pelanach 3ajada Kiaccuduka-
muu. Ha Bxox HC nmomasanmucy COVID-naracer u FETUS-
Jaracet 0e3 3alryMIICHUS U ¢ JI00aBJICHHBIM I'ayCCOBCKOTO
IIyMa COOTBETCTBEHHO. BBIIM paccuMTaHbl HyJIEBbIE U
nepssie I1I" gt amGenaunros, Gopmupyemsrx HC Ha ka-
JKJIOM M3 TPEX CIIOEB.

JIist OLIeHKH KavyecTBa KiIacCU(HUKALMK HCIOJIb30BaHA
MeTpHUKa TOYHOCTH (accuracy):

TP + TN
TP+FP+TN+FN’

(M

accuracy =

rne TP — true positive; FN — false negative; TN — true
negative; FN — false negative.

Kpome toro, nns nonnocsasnoit HC u3s tpex crnoes
paccuuTaHbl CICAYIONIMEe METPUKH ISl SMOCIIMHTOB Ha
Ka)KJIOM U3 CIIOEB!

— MaKCHMaJIbHOE BPEMs )KU3HHU TOMOJIOTHIi:

max_len = max[death; — birth,]; 2)
— cpejHee BpeMst )KU3HH TOMOJIOT Ui
1 n
mean_len =— Y [death; — birth;] ; 3)
n =1

— CTaHAAapTHOC OTKIIOHCHUC BPECMCHHU JKU3HU TOMOJIOTHIi:

1 n
std _len= _|—3% [[deathi — birth;] — mean_len]z; 4)
ni-1
— OTHOIIEHHUE tWO to one HauOOJIBIIETO BPEMEHH JKU3HU
TOMOJIOTUM:
second_max|[death; — birth;]

two_to_one = ; %)
- max|death; — birth;]

— MNEPCUCTEHTHAA SHTPOIINUA:

n death; — birth,
entropy =—y p;logp;, p; = ;0 (6)
i=1 > [death; — birth;]

=1

— HOPMHPOBaHHAasA MEPCUCTCHTHAA SHTPOIIUSA:

entropy

2 [2nexrponHklil pecype]. Pexum gocryna: https:/www. normed_entropy = — - (7
kaggle.com/datasets/andrewmvd/fetal-health-classification (nara logl;[deathi — birth;]
obpamenus: 11.11.2023).
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Jns OLIeHKU CBSI3UM MEXKAY METPUKAMHU U 3HAYCHU-
€M accuracy MCII0JIb30BaH KO3 PUIMEHT KOppelsuuu
[Mupcona, onleHMBaOUINI JIMHEHHYIO CBA3b MEKIY dJie-
MEHTaMHu,

- R0-)
P earson({xi}zr;l’ {yi}tr'l=l) = n
' \/l;(xi

—  ®
3P | 205y

a Taroke KodppunueHT Koppensaun CrimpMeHa, OIleHUBA-
IOIINIT B3aUMOCBSI3b MEXKJIy PaHTaMHU SJICMEHTOB B MHO-
KecTse 7(+):

pspearman( {xi}lr'l:b {yi}?ZI) =
i:Zl (r(x) = Gy — ()

= n - n 7 (9)
[Zew -1y [Lev)-rop

Pe3yJIbTaTLI H 06cy>1<)1e}me

Ha puc. 4, 5 u puc. 6, 7 B Buge 6apKoI0B IMOKa3aHEI
pe3yIpTaThl pacdyeTa HyJIeBBIX (puc. 3—6, a) U MEePBBIX
(puc. 3—6, b) II', momy4eHHBIE B COOTBETCTBUH C OTHCAH-
HBIMH CLICHapUsMU B pazfeine «Marepuaisl 1 METOABD).

Kak BumHO u3 puc. 4—7, 6apKoIbl 1k SMOCIIMHTOB
Ha KoM ciioe OaiiecuanusupoBannoit HC Bo Bcex ue-
TBIPEX CHUCHAPUAX HAXOAUTCA MEKAY COOTBETCTBYOIIIUMU
O6apkomamu nerepmunupoBanHoil 1 BHC kak ans Hyse-
BBIX, TaKk ¥ st epBbIx [1I, mpu 3TOM JeTepMUHNpPOBaH-

Hast HC sBnsgercs HiwkHel rpanuneii, a BHC — Bepxneit.
OTO 03HAYaeT, YTO CTPYKTypa acCOLMAIMii TaHHBIX BHY-
Tpu OaiiecnanusupoBannoit HC Hacnenyercs ot nerep-
MUHHPOBAHHON MOJICNIN, OJTHAKO MPHOOpETaeT CBOWCTBA
BHC.

Taxke cieayer OTACNbHO OTMETHTH SBJICHHUE, SIBHO
3aMETHOE TIPH CpaBHEHHUH KapTWH 0apKoJoB Ha puc. 4—7
JUTA TPEX CIIOEB M HyJIEeBHIX U NepBhIX [11': Ha cioe 1 Gaife-
CHAHM3AINS OKa3bIBACT MUHUMAJIBHBIN A (DEKT Ha TOTIONIO-
THI0, ¥ 0apKoJ] YMOEIMHIOB Ha HEM 3HAUUTEIbHO OJIMKe
K gerepmuHupoBaHHord HC; B To ke Bpemsl Ha ClosX 2 U
3 COOTBETCTBEHHO OapKO/Ibl SMOEIMHIOB TPUOIHIKAIOTCS
K HEKOTOPOMY CpPEIHEMY MOJOKEHHUIO MEXIY JeTepMHU-
nupoBanHoit HC u BHC. D10 o3nauaert, 4To mpouenypa
OaliecmaHM3alMK OKa3bIBaCT HAMOONIBIINI AP PEKT Ha BHI-
COKOYpPOBHEBBIE aCCOLUAIINH, KOTOPBIE MOJICTH (OPMUPYET
Ha OoJee ITyOOKHX CIOsX.

Bruto mpoBeneHo ncciaeoBaHne B3aUMOCBSI3N MEKILY
METPHUKAMHU I SMOCIIMHTOB Ha Ka)KIOM U3 CII0eB (2)—
(7) m 3HaYeHHEM TOYHOCTH (accuracy) KiIacCH(pUKAINH,
JIOCTUTaeMOM CEThIO Ha Ka)10My M3 Aaraceros. s 3To-
ro ObUIM paccUMTaHbl CpeAHNe 3HaueHus Koddduienrta
koppemsaunu [Iupcona (8) u Crnupmena (9), orieHnBaeMbIe
Ha OCHOBE JIaHHBIX 000 BCEX TPEX CJIOSIX MOJAECIH M JIBYX
Jaracerax. Pe3ynbrarsl pacdeToB Mpe/icTaBiIeHbI B Ta0I. 1.
W3 tabm. 1 BugHO, uTO HanboIIee MoKa3aTeIbHOM OKa3aiach
HOpPMHUpPOBaHHasl iepcucTeHTHas SHTponus (7).

Ha puc. 8, 9 mpuBeneHs! pe3ysbTaThl BHIYUCICHUS Me-
Tpuku (7) Ui Tpex ciioeB OaiiecnaHn3upOBaHHON MOJICITH
¢ Bapuarme mapamerpa 6artecnarmzanuu ot 0,0 1o 0,9 ¢
marom 0,1 Ha obomx maracerax (puc. 7, a, puc. 8, a). s

a . b
cioii 1
e _
N N
Jlerepmunupoannas HC —— Jlerepmunuposannas HC
baitecuanusuposannas HC —— baiiecuanusuposannas HC
Bapuanunonnas BHC — Bapuanuonnas BHC
0 200 400 € 200 300 400 500 €
cioii 2
N N
Jerepmunnposannas HC — JlerepmunupoBannas HC
baifecuanmsuposannas HC — baitecnanmsnposannas HC
Bapuanunonnas BHC — Bapuauunonnas BHC
0 100 200 € 40 80 120 160 €
cioii 3
N N
Jlerepmunupoannas HC —— JlerepmunupoBanHas HC
baitecuannsuposannas HC —— baiiecnannsuposannas HC
Bapwuanmonnas BHC — Bapuannonnas BHC
0,0 5,0 10,0 15,0 € 2 6 10 14 €
Puc. 4. Ilepcucrenthsie romosnorun 1us COVID-naracera: ciou 1-3, Hy (a) u H; (b)
Fig. 4. Zero and first persistent homologies for the COVID dataset, layers 1-3, H, (a) u H; (b)
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coii 1

JlerepmunupoBanHas HC —— JlerepmunupoBannas HC
Baitecnannsuposannas HC —— baifecuannsuposannas HC
Bapuanmonnas BHC — Bapwuanuonnast BHC

200 400 € 200 300 400 S

cioit 2

[e=)

|
|
|
|
|

—————aa JlerepmunnposanHas HC —— JlerepmunnposanHas HC
_— baitecuannsuposannas HC . = — baitecnanusuposannas HC
Bapuanuonnas BHC — Bapuanuonnas BHC
0 100 200 € 40 80 120 160 €
cIioii 3

T E— e o =
N| I N
= JerepmunupoBanHas HC —— JlerepmunupoBanHas HC
Eﬁ Baiiecnannzuposannas HC 5 — Baiiecnanusuposannas HC
Bapuanuonnas BHC — Bapwuanuonnast BHC
0 4 8 12 € 2 6 10 €

Puc. 5. Ilepcucrentnsie romonoruu s samrymiuensoro COVID-naracera: ciou 1-3, Hy (a) u Hy (b)
Fig. 5. Zero and first persistent homologies for a noisy COVID dataset, layers 1-3, Hy, (a) u H; ()

HaBIAHOCTHU HA OTUX K€ PUCYHKaAX INPUBEACHBI 3HAYCHUA MaJIbHOC 3HAYCHUEC ITapaMeTpa Gaf/'IeCI/IaHI/ISaLII/II/I, Ha KOTO-

METPHUKH TOYHOCTHU (1), TIOMyYEeHHBIE B aHAJIOTUYHBIX yC-  POM IaJCHUE METPUKH HOPMUPOBAHHOM MEPCUCTEHTHON
JIOBUSIX. BepTukanbHOU KpacHOM JINHUEH OTMEYEHO MUHU- sHTponuu aocturaet 10 %.
a . b
coi 1

=
—
=
j‘:

'HefepMHHHPOBaHHM HC — Jlerepmunnpoannas HC ‘{—:_
Baiiecnannsuposansas HC — baifecnanmsupoBannas HC 2

Bapuarmonnas BHC — Bapunarmonnast BHC

0 40 80 € 10 30 50 70 €

cJ10it 2

Jerepmunuposannas HC

= — Jlerepmununpoannas HC
Baiiecuannsuposannas HC — Baiiecnannsuposannas HC =
Bapuaruonnas bGHC —Bapunannonnas BHC

40 60 ¢ 5 15 25 €

cioii 3

qB

[N}
S

Jlerepmununposannas HC é é —— Jlerepmunupoannas HC

Baiiecnannsuposannas HC = = — bBaitecnanusuposannas HC
Bapuarmonnas BHC — Bapuarmonnas BHC

3 8 ¢ 1,0 2,0 3,0 €

=
=
\ H’
|
b
|

Puc. 6. Ilepcucrentusie romonorun 1t FETUS-naracera: ciou 1-3, Hy (a) u H; (b)
Fig. 6. Zero and first persistent homologies for the FETUS dataset, layers 1-3, H, (a) u H, (b)
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a cnoii 1 b
N = d N,
_— Jerepmunuposannas HC — Jlerepmunuposannas HC
—_— baiiecnannzuposannas HC — baitecuanmsuposaunnas HC
Bapuanunonnas BHC — Bapwuanuonnas BHC
0 100 200 300 € 200 300 €
ciioit 2
N = N
[ — _7 Herepmunuposannas HC — Jlerepmunupopannas HC
— Baitecnannsuposannas HC — bBaitecuanusuposannas HC
T Bapnarmonnas bHC — Bapnarnmonnas bHC
0 100 200 300 € 40 80 120 €
cioit 3
N B N F & =
E = Jerepmunuposannas HC i = —— Herepmunuposannas HC
-E-’ baitecnanmsuposannas HC = = F — baitecnannsuposannas HC
o Bapuaunonnas BHC — Bapuauunonnas BHC
0 10 30 40 € 10 20 €
Puc. 7. Ilepcuctenthsie romonorun Juist 3amrymnennoro FETUS-naracera: cnoun 1-3, H, (a) u H; (b)
Fig. 7. Zero and first persistent homologies for a noisy FETUS dataset, layers 1-3, H;, (a) u H (b)
a . b
croit 1
>
&
£ 0,64 g 0,6
2 5
=]
5 0,60 0,2
Z. L
0,0 0,4 ) 0,8 0,0 04 ) 0,8
Dropout intensity Dropout intensity
cioit 2
o | S
o
= 07 \ >
g 5 = g 0’6
3 5
: 2
3 0,6 0,2
Z
0,0 0,4 ) 0,8 0,0 04 . 0,8
Dropout intensity Dropout intensity
ciioit 3
= T
IS 4
= 2
5 g 06
S 0,2
Z
0,0 0,4 ) 0,8 0,0 0,4 ) 0,8
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Puc. 8. IameHnenne HOpMHUPOBAHHOMW TTEPCHCTEHTHON SHTPONNUH (a) ¥ 3HaYeHHs1 MeTpHKH TodHOCTH (1) (b) ¢ pOCTOM HHTEHCHBHOCTH
dropout qyst FETUS-naracera

Fig. 8. Change in normalized persistent entropy (a) and the value of the accuracy metric (1) (b) with increasing dropout intensity for
the FETUS dataset
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Puc. 9. VI3MeHeHnEe HOPMUPOBAHHOW TIEPCUCTEHTHOM SHTPONHH (a) U 3HAYECHHUS METPUKH TOYHOCTH (1) (b) ¢ pOCTOM HHTEHCHBHOCTH
dropout qiis COVID-naracera

Fig. 9. Change in normalized persistent entropy (a) and the value of the accuracy metric (1) (b) with increasing dropout intensity for
the COVID dataset

U3 puc. 8-9 BuaHO, 4TO B 000MX CITydasx 3HaUCHHE T1a-
pameTpa, Ha KOTOPOM IEPCUCTEHTHAS SHTPOIHS Ha CIIoe 2
HC manmaer na 10 % oT M3Ha4aabLHOW BEJIMYHMHEI, YTO SIB-
JIIETCs TIOKA3aTeIbHBIM JIJISl IPEICKa3aHusl MOMEHTA, Ha
KOTOPOM HauMHACT HAOJFOIAThCS PE3KOE MaJCHUE KaueCcTBa
mozenu. J{ns cimoeB 1 1 3 3Ta BeIMUMHA OKa3bIBACTCS Me-
HEE BBIPA3UTEIILHOM.

Crnenyet otaenbHO OTMETUTD, uTo Ha FETUS-naracere
HaOIogaeTcss HEM3MEHHOCTDh BEIIMYMHBI SHTPOMHH Ha
cioe 1 — MOXKHO MPEINOI0KATE, YTO 3TO O3HAYALT, YTO
MOJIENh €Ile He BBIIBHJIA PEICBAHTHOW WH(pOpPMAIH Ha
JTAHHOM CJIO€.

Tabauya 1. B3auMOCBsI3b MKy METPHUKAMH AT IEPCUCTEHT-

Js. NOTIOHUTENBHON OLIEHKU B3aUMOCBSI3H MEXAY
HOPMHPOBAHHOH MEPCHUCTEHTHON SHTPONUEH dMOeTHH-
TOB Ha Pa3JINYHBIX CIOSX JUIsl TIOJyYSHHBIX JaHHBIX ObLIH
BBIUKCIeHBI Koppensiusa Ilupcona (8) um koppensuus
CrupmeHna (9) (taba. 2, 3).

Jlannble Ta0i1. 2 1 3 NOATBEPIKIAIOT HAIMYUE B3aUMOC-
BSI3U MEXK1y HOPMUPOBAHHOM NMEPCUCTEHTHON SHTPOMMEH,
BeIUKcasseMoil Ha smOeaauurax HC, u Tounoctero HC.
IIpu »TOM B3aUMOCBA3b, BBIYHCISAEMAs B COOTBETCTBUU C
paHroBoi Koppemsnueit (9), okasanack HICHTUIHON IS

Tabnuya 2. 3nauenns metpuk (8) u (9) nnst COVID-naracera
Table 2. Values of metrics (8) and (9) for the COVID dataset

HBIX TOMOJIOTHI, pACCYNTAHHBIX 110 AIMOCIINHTAM, U CPEITHUM Homep cost | 3uaucris metprxu (8) | 3uauenms merpuicn (9)
3HaueHHueM accuracy HC
Table 1. Relationship between metrics for persistent homologies ! 0,902969 0,924016
calculated from embeddings and the average HC accuracy value 2 0,939143 0,924016
Cpennee 3nauenue (8) | Cpennee 3nauenue (9) 3 0,882078 0,924016
Mertpuka Ha BCEM MIPOMEKYTKE | Ha BCEM IMPOMEXKYTKE
MacmTaboB MacmrTaboB
) 0,04 0,190 Tabnuya 3. 3naucnus metpuk (8) u (9) minst FETUS-naracera
3) 0,10 0,170 Table 3. Values of metrics (8) and (9) for the FETUS dataset
4 -0,03 —-0,060 Homep cnost | 3nauenus metpuku (8) | 3Hauenus merpuxu (9)
%) 0,07 0,153 1 0,412223 0,381257
(6) —-0,0001 -0,004 2 0,800925 0,766929
7 0,80 0,940 3 0,667187 0,766929
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Vcnonb3oBaHme TOMoMorM4eckoro aHannaa AaHHbIX 415 NOCTPOEeHUs 6aNeCOBCKMX HEMPOHHbIX CETEN

Bcex Tpex cioeB B COVID-naracere u jiist cinoeB 2 U 3 B
FETUS-naracere. B To e BpeMsl HCIIOIb30BaHUE METPU-
ku (8), BBISBISIONICH CTEIICHB OOJIee CHIIBHOM, a HMEHHO,
JIUHEHHOHN B3aUMOCBSI3H, BBIJICISICT TOTIOIIOTHIO AIMOC [ TNH-
rOB Ha CJI0€ 2 MOJIE]IU KaK HauboJee MOKa3arebHYIO s
[PEe/ICKa3aHusl TOUHOCTH MOJICTIH.

ComocTaBisis OTyYeHHBIE pe3ynbTaTsl (puc. 8, 9 n
Tabm. 1, 2), MOXXHO MPEION0KUTH, YTO HanboJee moes-
HYI0 MH(QOPMAIUIO U3 CTPYKTYPbl aCCOLMALUN MEXIY
3M6e)IJII/IHFaMI/I MO>XXHO H3BJICYb JJIs CJIOCB, 6HI/13KI/IX K
CepeIMHE apXUTEKTYPhI, OHAKO MPOBEPKA ITOTO MPEIIIO-
JIO)KEHUS TPeOyeT MOMOIHUTEIBHBIX UCCIEIOBAHUH.

3akiaouenne

B pabore npemioykeH yIpomeHHbIH MOAX0 K TTOCTPO-
eHHI0 0alieCOBCKON HEHMPOHHOM CEeTH, OCHOBAHHBIH Ha
OalfecmaHM3aNN YK€ 00yUCHHON AETePMUHUPOBAHHOM
HEUPOHHOH CETU IOCPEACTBOM PaHIOMU3ALMU [1apame-
TPOB Ha ypoBHE MH(pEpeHca, NPUYeM sl PaHIOMHU3AINT
HCHOJIb3YEeTCs] MYNBTUILIUKATUBHBIN 1IyM bepHymin, 4Tto
(haKTHYECKN SKBHBAJIEHTHO XOPOIIO M3BECTHOMH MpoLey-
pe aponayta. Tem caMbIM MOKa3aHa BO3MOXKHOCTH IIPaK-
THYECKH JUISI JII000H IeTepMUHUPOBAHHON HEHPOHHON
CEeTH MOCTPOUTH ee OAeCOBCKHUII aHAJIOT, YTO MO3BOJISIET
YHOPOCTUTH NMPOUEAYPY OOYUCHHS 33 CUET YMEHBIICHUS
KOJIMYECTBA MAPAMETPOB.

MeTo/bl TOOJIOTHYECKOTO aHAIN3a JaHHBIX BIEPBEIE
IIPUMEHEHBI K CTOXaCTUYECKUM HEHPOHHBIM CETSM.
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VccnenoBaHsl pa3Tu4HbIe METPUKH, OCHOBaHHbBIC Ha
BBIYHCIICHUH [IEPCUCTEHTHBIX TOMOJIOTHI HA SMOEINHTaxX
HEHPOHHBIX CETSAX, U MX CBA3b C 0A30BBIMU METPUKAMHU
3¢ PEKTUBHOCTH HEHPOHHOM CETH; BBISIBICHO, YTO pacuyeT
M3MEHEHUY HOPMHUPOBAHHOH MEPCUCTCHTHON SHTPOIIHH
TIO3BOJISICT C BRICOKOW TOYHOCTBIO MPEACKa3aTh MPEACTHHO
JIOITyCTAMOE 3HAYCHUE YPOBHS JPOIAyTa, ¢ KOTOPOTO Ha-
YUHACTCS PEe3KOe MaJIeHHe KadecTBa MOJIENU. TeM caMbIM
MOSIBJISIETCST BO3MOXKHOCTD MTPOAKTUBHO OIEHUTH AP heK-
TUBHOCTB 0alieCOBCKOI HEHPOHHOI CeTH Ha YIPOIICHHBIX
JlataceTtax, 0e3 3amycka HeMpOHHOW CETH Ha peabHOM
Jlaracere, 4YTO COKpallaeT PecypcoeMKOCTh pa3padboTKu
0aliecOBCKOM HEWPOHHOU CETH.

ComnocTaBiieHue MOJTYYEHHBIX Pe3ylIbTaToOB JaeT OC-
HOBaHUSI MPEATOJararh, 4TO0 ¢ POCTOM IIIyOMHBI MOAEIH
GayaHc MeX/Iy HacIeayeMOCThIO aCCOIMANN OT AETEPMHU-
HUPOBAHHON MOJICITU U MPHOOPETEHIEM CBOMCTB OaliecoB-
CKOH MojienTi Oy/ieT BEIpaBHUBATHCS, OHAKO ITO MPEIIIO-
TokeHue TpeOyeT NambHeHIITIX UCCIeJOBaHMH.

B kauecTBe HanpaBiaeHUs JadbHEHIINX UCCIIEA0BaHUN
ABTOPHI BRIJCIAIOT Iepexos K 0osee TITyOOKUM, B TOM JHC-
JIe CBEpPTOYHBIM HEHPOHHBIM ceTsM. B pamkax sToro ne-
pexojia MperoaraeTcsi CCiIe0BaTh IMHAMUKY OajlaHca
MEXJly HacJlIeIyeMOCThIO acCOIMAalUi OT IeTePMUHUPO-
BaHHOW MOJIEJIM U MPUOOPETEHHEM CBOMCTB OalieCOBCKOM
Mozienel, a Takxke MO3ULUOHUPOBAHNE U3MEHEHUH B CTPYK-
TYpe acCOIMaIMi MEKTY SIMOCITMHIaMH COCETHUX CIIOEB,
HanOoJiee BaYKHBIX C TOYKH 3PEHHS TTPECKA3aHNsI CBOWCTB
HEHPOHHOM CeTH Kak Kiaccu(uKaropa B IEJIOM.
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AHHOTAIHA

Bgenenmne. [IpencraBieHsl pe3yibTaTbl MOJCIHPOBAHUS MTPOLECCOB Ae(OPMHUPOBAHUS OTHOOCHO OPHEHTHPOBAHHBIX
HOJIMMEPHBIX MarepuasoB. [IprBeneHo onucanue ByX0apbepHOi MOJIEITH, COIIACHO KOTOPOil MAKPOMOJIEKYITbI HOJIMMEpa
MOTYT HaXOAUTHCS B TPEX yCTOWUHMBBIX cOcTOosHUAX. [lonmydeHo ompenensioniee ypaBHEHNE OPUEHTHPOBAHHOTO
MOJMMEPHOTO MaTepuana. [IpuBeeHo pemeHne MoIydeHHOTO YPaBHEHH AT Cilydasl pexuMa Je(OpMUPOBAHUS
C TIOCTOSTHHBIM ypoBHeM Harpy3ku. Metoa. Ha ocHOoBaHHM TeopuH SHEpPTeTHYECKUX O0apbepoB B pe3ynbTaTe
npeoOpa3oBaHys ypaBHEHHUIT OalaHca YrCel 3ar0THEHNS yCTOWIUBEIX COCTOSIHHHN MOTyYISHO ONpPEIeIIONIee YypaBHeHHIE
MIOJIMMEPHOTO MaTepHaia. YpaBHEHHE NpeCTaBisieT coboi nuddepeHnnarsHoe ypaBHeHHE BTOPOTO TOpsKa MO
BpemeHu. [{yist mpouecca ieopMUpPOBAHHS € TOCTOSIHHBIM YPOBHEM Harpy3KH OIpe/iesisiioliee ypaBHeHHEe IIPHHIMAeT
BU/] JIMHEITHOTO HEOHOPOHOTO M (hepeHINaIbHOTO ypaBHEH s BTOPOTO MOPsI/IKa C ITOCTOSIHHBIME KO QUIIHEHTaMH.
Jlnst paccMaTpUBaeMoro Ciiydasi IpHBE/ICHO o0liee pelieHne ONpeeNsIoNero ypaBHeH s ¢ oMok 3agaun Komrm.
AHanu3 u npeoOpa3oBaHHe OOILIETO PelICHUs YpaBHEHHS MPHUBEIH K 3aBHCUMOCTSIM, ONPEACIIAIONINM 1e(hOpMaIIUIo
OPHEHTHPOBAHHOTO MOIMMEPHOTO MaTepHaa sl POIECCOB MON3YIeCTH U BOCCTaHOBNIEHHUs. OCHOBHBIE Pe3yJIbTaThl.
Hcnionp3oBanne AByXOapbepHOI MOJENN ¢ TPeMs YCTOHUMBBIMU COCTOSHUSAMH MAaKPOMOJEKYI MO3BOJIMIO MOTYyYUTh
oTIpeselIsioNIee ypaBHeHNE, KOTopoe sBisgercs: AuddepeHnaIbHpIM YpaBHEHHEM BTOPOTO MOPSIIKA IT0 BPEMEHH.
B xadecTBe nmpuMepa paccMOTPEHO MPHMEHEHNE OIPE/IEISIIOIIEr0 YPaBHEH S K PeXXKUMY 1e(OPMUPOBAHUSI C TOCTOSIHHBIM
YPOBHEM Harpy3KH U MOIYy4YeHO ero odlee pemenne. Beenena yauBepcanbaast QyHKIHNS, C TTOMOIIBI0 KOTOPOI MOYKHO
paccuurtarh JedopMalrio NOIUMEPHOTO MaTepualia B PeKUME MOJI3yYeCcTH M BOCCTaHOBIeHUs. [TyTeM coBmereHus
TEOPETHYECKON KPUBOW C 3KCIIEPUMEHTAILHBIMU KPUBBIMH T10J13y4E€CTH HUTH U3 MOJIMATHICHTepeTaIaTa oKazaHa
MIPUMEHUMOCTh PACCMOTPEHHOTO MeTofa Mojenuposanus. O0cy:xkaenne. [lomydeHHoe onmpesensioiee ypaBHeHNE
JIaeT BO3MOXKHOCTh OTIUCHIBATh U MIPOTHO3MPOBATH KAK CTaTHUECKNE, TAaK U JHUHAMUYECKHE PEXUMBI Ie(hOPMUPOBAHUSL.
INoka3aHa MPUMEHHIMOCTH MONTYYEHHOH MOJIENTH K CTAaTHIECKOMY PEKUMY Ae(hOPMUPOBAHUS. 3aMEUSHO, UTO PEIIeHHe
TIOJTy9EHHOTO ONPEIEIISIONIETO YPABHEHNS B OTIPEIETICHHBIX CIIydasiX IIPUBOINT K KOJIeOaTeTbHOMY PEeXKUMY pETaKCaIlii.
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Abstract

The results of modeling deformation processes of uniaxially oriented polymer materials are presented. The discription of
two-barrier model is given, according to which polymer macromolecules can be in three stable states. The constitutive
equation of the oriented polymer material is obtained. The solution of this equation is shown for the case of a deformation
mode with a constant load level. Based on the energy barriers theory, as a result of the transformation of the balance
equations of the occupation numbers of steady states, the constitutive equation of the polymer material is obtained.
This equation is a second-order differential equation in time. For the deformation process with a constant stress level,
the constitutive equation takes the form of a linear inhomogeneous second-order differential equation with constant
coefficients. A general solution of this equation is given in explicit form. The solution of the Cauchy problem gives a
general solution of the constitutive equation for the considered case. The analysis and transformation of the general
solution leads to dependencies that determine the deformation of the oriented polymer material for creep and recovery
processes. The use of a two-barrier model with three steady states of macromolecules made it possible to obtain a
constitutive equation which is a second-order differential equation in time. As an example, the application of the
constitutive equation to the deformation mode with a constant stress level is considered and its general solution is
obtained. A universal function has been introduced with the help of which it is possible to calculate the deformation of
a polymer material in the creep and recovery mode. By combining the theoretical curve with the experimental creep
curves of polyethylene terephthalate filaments, the applicability of the considered modeling method is shown. The
obtained constitutive equation makes it possible to describe and predict both static and dynamic deformation modes.
The applicability of the obtained model to the static mode of deformation is shown. It should be noted that the solution
of the obtained constitutive equation in certain cases leads to an oscillatory relaxation mode.

Keywords

energy barrier theory, two-barrier model, energy diagram, highly elastic deformation, constitutive equation, oriented
polymers
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BBenenue

Hacrosimast pabota siBIsieTcst pOAOHKEHNEM HCCIIeNI0-
BaHMs BOIPOCOB MOJICTUPOBAHHUS IIPOLIECCOB JIEPOPMHPO-
BaHUS MTOJTMMEPHBIX MaTePHUajoB.

[TonmumepHBIe MaTepHaslbl U U3TOTOBJIEHHBIC HA UX OC-
HOBE U3JIeNINs NUMEIOT IIHUPOKYI0 00JacCTh MPUMEHEHUS
Orarosiapst CBOMM YHHUKaJIbHBIM CBOMCTBaM. YHUKaIbHOCTD
1 pazHooOpa3ue CBOWCTB IOJIMMEPHBIX MaTepHajioB 00-
yCIIOBJIEHAa OCOOCHHOCTSIMU MOJIEKYJISIPHOTO U HaJMOJIe-
KyJsIpHOTO cTpoeHuil [1-7]. OTMeTHM, 4YTO HAWITy4YIIUMU
MTPOYHOCTHBIMU XapaKTEPUCTUKAMH 00JIaTal0T CHHTETH-
YeCKHe MOJIMMEPHbIC MaTepualbl, KOTOPbIEe HAXOAATCS B
OPUEHTHUPOBAHHOM COCTOSIHUH, ONPEEICHHBIM PaCIIO-
JIO’)KEHUEM OCHOBHOM CTPYKTYPHOM €JUHUIBI — MaKpo-
MOJIEKYJIbl — IPEUMYILECTBEHHO BJI0Jb OAHOTO HAIpaB-
nenus. Ilpu 3ToM MakpoMoeKylia HMeeT BO3MOKHOCTh
NPUHUMATh OECKOHEYHO OOJBIIOE YMCIO «MTHOBEHHBIX»
KOH(OpMaIUii, KOTOPbIE U3MEHSFOTCS TOJIBKO 33 CYET BHY-
TPEHHETO TEIUIOBOTO ABMKEHUs. Takike U3MEHEHUe KOH-
(bopmManuii MOXKET TPOUCXOANTH O] BIUSHUEM BHELTHUX
BO3/EHCTBHI, HE MPEBBIIAOIINX IPEAEIOB, 32 KOTOPbIMU
CIIeAyeT pa3pylIeHne XUMHUYECKUX CBs3eil. IMeHHo cro-
COOHOCTH MAaKpOMOJIEKYJI U3MEHSTh CBOIO KOH(OPMAIIHIO
OTIpEIeIIsieT PETAKCAMOHHBIN XapaKTep MEXaHUIECKOTO
MIOBEJICHNS TTOJIMMEPOB, a 3TO, B CBOIO OYEPEb, CO3AAET
OIIpeIeNICHHbIE TPYJHOCTH IPH PEILICHUH 3a/1a1d MOJIEIHPO-
BaHUS U IPOTHO3MPOBAHUA Ae(HOPMALOHHBIX IPOLIECCOB
B TIOJTUMEPHBIX MaTepuaitax. MaremaTnueckue MojemH,
UCTIOJIb3yEeMBbIE JJIS OMMCAHUS MTOBEICHHsSI JAHHOTO Kilacca
MarepualioB [8—13], mPUBOAST K ONPEEIIONEMY YpaBHe-
HUIO NepBoro nopsiyika. C NoMOIIbIO TAKOTO YPaBHEHUS HE
BCer/ia BO3MOXKHO OTHMCaTh BCE MHOrooOpasue Hadiroae-
MBIX B ITOJIUMEPaxX dPPEKTOB.

CortacHo 6apbepHOif TeopuH BsI3KOynpyrocts [14—16]
TTOBE/ICHNE OPHEHTHPOBAHHBIX MOJIMMEPOB, HAXOISAIINXCS

B HalpsDKEHHO-/1e(OPMUPOBAHHOM COCTOSIHUH, OPE/Iesi-
€TCs KOJTMUECTBOM NEPEXOIOB Yepe3 Pa3IMUHbIE 110 BEICOTE
U IIHPUHE MOTCHIHaNbHbIC 0apbepbl. OHAKO, OMUCAH-
HBIE paHee B paMKax 0apbepHOW TEOPUHU MOJIEIH C JIBYMSI
YCTOMUUBBIMU COCTOSIHUSAMH [14—17], Takke NpUBOAAT K
YPaBHEHHIO IIEPBOTIo Nopsiika. BBeneHne JonoiIHUTEeNbHBIX
9HEPreTHYECKUX 0AphEPOB AaeT BO3MOKHOCTH O0Jiee TOUHO
OIHCAaTh MEXaHUYECKOE MOBEIEHNE OPUEHTUPOBAHHBIX MO-
JUMEpHBIX MaTepHuanos. Micxons U3 3Toro, HHTEpeC Npea-
CTaBIIAET MOJIEIb, KOTOPAsi UMEET OoJiee IBYX YCTOWUNBBIX
COCTOSIHUI.

Ilenp paboTel — Ha OCHOBAHWH TEOPUU IHEpPreTHUE-
ckux 0apbepoB, paccMaTpuBas MOJENb, HMCIOIIYIO HE
MEHEE TPEX YCTOMYMBBIX COCTOSIHUM, IMOJIYUYUTh OIpere-
JSI0Iee YpaBHEHHE OPUEHTHPOBAHHOTO MOJUMEPHOIO
Marepuaia.

Onucanne MoaeJu

J1s MogenupoBaHus Ae(OPMAMOHHBIX MTPOIIECCOB
OPHUEHTHPOBAHHBIX MOJMMEPHBIX MATEPHAJIOB C YIETOM
UX pellaKCallMOHHOW MPUPOJIBI PACCMOTPUM (PU3NYECKYIO
MOJIEJIb C IByMsI dHEpreTHuueckuMu doapbepamu (puc. 1).
JlanHas Mozenb OmpeaenseT, 4YTo IPYIIbl MAaKPOMOJIEKYIT
(k7acTepsl) MOTYT HaXOJUTHCS B TPEX YCTOWYUBBIX CO-
CTOSIHUSIX, pa3/elIeHHBIX IMOTEeHIIMAIBHBIMUA OapbepamMu
BBICOTOI /1 M DHepreTudeckuMu 3azopamu U.

B orcyrcTBuE BHENIHEH HAarpy3Ku yCTOHUMBBIMH CO-
CTOSTHVISIMH SIBJISIFOTCS TOYKH Ha quarpamme (puc. 1) ¢ ko-
JUYECTBOM TPYIII (KJIACTEPOB) MaKPOMOJIEKYIT Ha STMHUILY
TITAHBI m?, mg u mg. Ilox nelicTBUEM BHEIIHEN HArpy3KH B
aMOP(HBIX MPOCIONKAX OPHEHTUPOBAHHOTO MOIUMEPHOTO
MaTepuraja MPOMCXOANT TaK Ha3bIBaeMasi BBIHYKICHHAS
OpHEeHTaIus MakpoMosekyn. Kimactepsl nepexoasar u3 ox-
HOT'O YCTOMYMBOTO COCTOSIHUSI B Ipyroe, BHICBOOOXK A
WM TIOTIonIasl KBaHT fedopmanmu d. B pesynbrare moj
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MeTon, MoaenMpoBaHns BA3KOYNPYrMx CBOMCTB OPUEHTUPOBAHHbIX MOJIMMEPHbLIX MaTEPUASIOB. ..

Puc. 1. DHepreTuueckas quarpaMma MakpoMOJIEKYIl B
3aBHCHMOCTH OT pa3zMepa KilacTepa x

Fig. 1. Energy diagram of macromolecules vs. the cluster size x

JNEHCTBHEM HArpy3KH YCTOHYHBBIM COCTOSTHHEM CTAaHO-
BHTCSl — HarpyXeHHoe (Touku N-X cocrtosHmi (1, 2 u 3)
C YHCIIAMH 3aIlOJHEHUS M|, M, U m3). [Ipn atom m Oyner
OTIPEAEIATHCS YHUCIIOM KJIACTEPOB, YIIEAIHX U3 COCTOSHUS
1 BIIpaBo M mepenemM B JAHHOE COCTOSTHUE cTipana (T. €.
BIIEBO U3 COCTOSIHUSA 2). AHAJIOTHYHO, YUCIIO 3aTIOTHEHHUS
7, OIPEEIISIETCS YUCIIOM KJIACTEPOB, YILEAIINX U3 COCTOs-
HUS 2 BIPABO ¥ BJICBO U TEPEILIE/IINM B JAHHOE COCTOSIHUE
CIIpaBa U CIIEBa, a YHUCIIO 3AIIOJIHEHUS 113 — YHCIIOM KIla-
CTEpOB, YILIEIINX U3 COCTOSIHUS 3 BIEBO U NEpEIIe M
B JJaHHOE cocTosiHME. B pesynbrare, cortacHo OGapbepHOit
TEOPHUH, COCTaBUM YpaBHEHUS OaaHca TS STHX YUCEIT:

dm1

_:—mlWH"'sz(ﬁ

dt

dmz

;ZimZ(W—»+W<—)+mlW—>+m3W<—’ (1)
dm3

_:—7’1’131/1/(_"‘leVV_>

dt

rae W_, u W_ — BepoSTHOCTHU B CEKyHJIy Nepexoja Kia-
cTepa U3 N-X COCTOSIHUH BIPaBO U BIIEBO.

3HaK «+» y ciaraemoro B cucteme (1) o3Havaer, 4To
KJIaCTep MEPEXOAUT B JTAHHOE COCTOSIHUE, 3HAK «—» O3Ha-
YaeT, YTO KIACTEP YXOIUT U3 JAHHOTO COCTOSTHHS.

Taxum 00paszom, B cucteme ypaBHeHni (1) m3mMeHeHne
yyucia Ki1acTepoB B N-OM yCTOWYMBOM COCTOSIHUM OIpe-
JICJIEHO KOJINYECTBAMU KJIACTEPOB, yIIEAMUX U3 N-0T0
cocTostHUS BIpaBo (puc. 1) ¢ BeposTHOCTBIO W_, 3a ce-
KyHJIy ¥ BJICBO C BEPOSTHOCTBIO W __ 3a CEKYHITY, a TaKkKe
nepemeamux B N-oe COCTOSIHUE CIpaBa M/WIIN ClieBa C
COOTBCTCTBYIOIIMMHU BEPOATHOCTAMU.

IIycts paccMmaTpuBaeMblil MONUMEPHBINH MaTepuan
COCTOUT TOJBKO U3 KJIACTEPOB OJHOTO BUAA C MOJYJIEM
ympyroctd E(. Torna cocrosHue 3T0ro Marepuania XapakTe-
pusyeTcst BBICOTOH Oapbepa H, 4To COOTBETCTBYET HEOOX0-
JMIMOMY 3ariacy SHEPIHH JUIsl OCYIIECTBICHHUS 04€PETHOTO
IIOBOPOTA 3BEHA LIEMH, IIUPUHOIN YHEPreTHIECKOr0 3a30-
pa U (cooTBETCTBYET pa3HOCTH YHEPTHHA ABYX COCEIHUX
YCTOMYHMBBIX COCTOSIHUI ), BETMUIMHON KBaHTa Ie(hOopMaIiy
o [14-16].

HpI/IMeM, YTO JaHHad CUCTEMA KIIAaCTEPOB MOAYNHACTCA
cTatucTuke bonbliMaHa, COMTacHO KOTOPOH BEpOSATHOCTD

nepexona P, U3 HEKOTOPOro cocTosiHus 1 B cocTosiHue 2
(1 obparHoro nepexona P, — U3 COCTOSHUSA 2 B COCTOSIHUE
1) onpenensiercss BLICOTAMU YHEPreTUUYECKUX OapbepoB
H\, n H,,, Torna:

Py = Pyexp(—Hy/T),

Py = Poexp(—H,, /1),
rae 7 — abcomoTtHas Temneparypa; H/T — npuBecHHAS
BBICOTA YHEPTETUIECKOTO Oapbepa.

BeposiTHOCTh TIEPEX0/I0B 3a CEKYH/Iy BBIPA3UM CIE/Ty-
IOIIM 00pa3oMm:

W_, =voexp(-H_/T),
W<— = Voexp(fHe/T)y

@)

€ V() — 4YacToTa IIOAX0a K 0apbepy 3a CEKyHJY.

[Tockonbky sHEprusi yrnpyroi geopmManuu ecTh KBa-
JparuuHast popma OT BEJIMYHMHBI yIPyroi aedopMaryu, To
B miporecce aehopMHUpOBaHUS MaTepuala BpIcoTa Oapsepa
B CTOPOHY YBEIMUYEHMS pa3Mmepa kiacrepa [, yMeHblla-
€TCsl Ha BEJIMYKHY, [IPOIIOPLUOHAIBHYIO KBaJIpaTy MEXaHU-
YECKOI0 yIPYTOro HaIlpsKEHU:

H_ =H—yx2,

Izie X — BeJIMYUHA ynpyroi aedopmamuu (x = 6/E(); 6 —
HaNPsSUKEHUE; TApaMeTp Y — TaK Ha3bIBAEMBIH CTPYKTYp-
HO-YyBCTBUTEIILHBIN K03(D(DUIMEHT, ONpeIeIieMbIi yIIpy-
roi PHEeprueu u 3aBUCSILKN OT pojia MaTepuana.

CornmacHo puc. | BenmudnHa BBICOTHI Oapbepa B CTOPOHY
yMeHbIIeHust pasmepa kinacrepa: H_ = H — U+ yx2.

Jis ymoOcTBa NCTIONB3yeM PUBEICHHBIC YHEpreTHIe-
ckwue Bermunnel. O6o3uaunm: H* = H/T, U* = U/T, y=v/T,
a Takke mpumeM, 9to exp(U*) = 4. Takum o6pazom, momy-
4uM ypaBHEeHHA (2) B BUIE:

W_, =vyexp(—H*) = voexp(~H_,/T) = voexp(-H/T + yx2) =

1
= voexp(—H*)exp(yx?) = —exp(~H*)exp(yx?),
To

W =vyexp(—H ") = voexp(-H_/T) =
=voexp(-H/T + U/T —yx?) =

= voexp(—H*)exp(U*)exp(—yx?) =

= Lexp(-H9exp(Uexp(-yx2).
To

BonbIIMHCTBO CHHTETUYECKHUX MOINMEPHBIX MaTepua-
JIOB, KOTOPBIE JIe(HhOPMUPYIOTCSI TTOJJOOHBIM 00pa3oM, OTIIH-
YaIOTCsl JIMIIb BEICOTAMU Oapbepa, KBaHTOM Ae(hopMalliy 1
KOJIMYECTBOM KJIACTEPOB. B CBs3M ¢ 3THM y100HO BBECTH
COOCTBEHHOE BpeMs Tp — BpEeMs pellaKcalluu, OIpeaeis-
eMoe BhIpaXeHUEeM Tp = Toexp(H*), rue 1y = 1/vy — KoH-
CTaHTa Marepuaja, XapakTepu3ylomas cpeHee BpeMs
nepexoza ¢ Beicotoit 6aprepa H — 0. I1pu 5ToM B cucreme
(1) menecoobpasHo mepelTH K 6e3pa3MepHOMY BPEMEHHU:
T = t/1p. Toraa, BBe/s HOBBIE 0003HAUCHUS, TTOTyINM Ooree
KOMITaKTHYTO 3aITHCh!
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1
Ry = W_tp = —exp(—H*)exp(yx?)toexp(H*) = exp(yx?),

To
1
R_=W_1tp = —exp(-H*)exp(U*)exp(~yx?)toexp(H*) =
To
= exp(U*)exp(—yx?) = Aexp(-yx?). A3)

B nmanpHeimem Oynem yauThIBaTh, 4TO R, R = A.

O003HaUNM ITPOU3BOJHYIO OT HEKOTOPOIl BEMNUNHBI X

o dX
1o Ge3pazMepHOMY mapamerpy T: X = d_ C yueroM BBe-
t

JICHHBIX 0003HAYEHUH PON3BOIHOM, & TAKKE BBIPAYKCHUS
(3) mpu mepexoze k 6e3pa3MepHOMY BPEMEHH, TTOTYIHM
CHCTEMY ypaBHEHHH, SKBUBaJCHTHYIO cucteMe (1):

[0}

m1 = — m1R+ + mzR_

0

my=—myR.+R)+mR,+mzR_. 4)

0

msy=— m3R7 + m2R+

CornacHo yCIOBHIO HOPMHUPOBKH (3aKOHA COXPAHCHHUSI
YKCITa KJIACTEPOB), MOJHOE YUCIIO KIACTEPOB HA €MHUILY
JUTMHBI JAHHOTO MOJIMMEPHOTO 00pasiia:

mo = my +m2+m3. (5)

BennuuHy BBICOKOAIACTHYHON yacTu aedopmManuu
MOKHO MPEJCTaBUTh KaK Pa3HOCTb IOJIHOU € U YIIPYToM X
nedopmaruii:

8B9=87x=5[m27m20] +26[m3*m:§)] =

= 30my + 2m3) ~ Ay, ©
rae Ay = 5(m20 + 2m30) — HadaibHas aedopmarys.
IIpu ananuse HauanabHOU nedopmanuu A, Heneco-
00pa3HO PacCMOTPETh JBA CITydasl.
1) HavanpHast nedopmanust onpenesnsercs coriacHo
craructuke bosplmana (T. €. cucTeMa HaXOAUTCS B KBa3HU-
paBHOBeCHOM cocTossHuH). Torna:

m20 = mloexp(—U*); m30 = mzoexp(—U*) = mloexp(—ZU*).

C yderom cootHomIeHH (5) MOITyduM

my=m(1 + exp(—U*) + exp(-2U*)).

Otkyna
0 my __ mod?
DUl exp(-UF) + exp(2U%) 1 +A4+47
m0 = _md
2144+ 47
my
o___ Mo
M A

2) B caygae, eciii HagampHOE pachpeneseHne He MojI-
YUHAETCS] CTaTUCTUKE bonbMaHa («3aMOPOXKEHHOE» CO-
CTOHHI/IC), T. €. Marepral HaXOAUTCA B HaYaJIbHOM HCpaB-
HOBECHOM COCTOSIHUY, BEIMYUHA HAYAJIBHON JiedopManuu
A\ He onpeieneHa.

B sToM ciydae ynoOHO nonHyro aedopManuo oTcuu-
TBIBAaTh OT HEKOTOPOT'O HAYaJIbHOIO YPOBHS A(. A 1714 TOrO,
YTOOBI MOJYYNTH MTOJUMEPHBIH MaTepuas ¢ Ha4aJbHbIM
pacmpesienieHIeM KiIacTepoB o boseiimany, HeoOXomumo
o0paboTarh JaHHBIH MaTepHan (HanpuMep, MOJABEPrHYTh
OTXKHUTY).

Beipazum m | u3 ycnoBust HOpMUPOBKH (5) u mozcTa-
BHM B CHCTEMY ypaBHEHHH (4), TEM caMBbIM HUCKIIOYUM
BEITMYMHY 717

[}

my =—my(R, + R )+ (mg—my—m3)R, + m3R_=
=-m3y(Ry —R) + moR, —my(2R, + R) . (D
o

my=—mzR_+mR,

Beinuiem nepsble pou3BoaHbIE OT R, U R _:

o o

R, =R.2yxx =R,q, (8)
[0}
R =—R qa, 9)

0
Tae o = 2yxx.
3anuiieM MepByro MPOU3BOAHYIO OT BEJIHMUYHHBI BHICO-
KOJIACTUYHOW YacTH Jedopmaruu (6) Mo mapamerpy t:

(3] (3] (3]
ey = 0[my + 2m3] = 8[{moR, — my(2R, + R_) —
—my(Ry — R} + 2moR, — 2m3R ] =
=0[myR, —my(R. + R) —myR_].

(10)

Bropast mpon3BoaHas OT BEIMYHHBI BBICOKOAIACTHYHON
gacTH aedopMaIuu 1mo mapaMmeTpy t ¢ yaetom (8) u (9)
HpUMET B

00 (4 o
ey = {-{m3(Ry +R)+myR ]+

+a[myR, —m3y(R, —R_) +myR_]}. (an

[ToxcraBuMm B momy4deHHoe ypaBHeHHE (11) BeIpakeHHS
0 o

IUISL My ¥ M3 U3 CUCTEMBI ypaBHEHUH (7) U, TPOU3BES all-
reOpandeckue mpeoOpa30BaHUs, TOTYINM:

00
€ BD = 5{a[m0R+ — m3(R+ — R_) + mzR_] —

oA —myd + R2— RD)—mpayy. 1P

B Beipakenusix (6) u (10) BbLACTHM 9acTh C HEU3BECT-
HBIMH BEIMUUHAMHU 11, U 713 ¥ TOIyYUM U3 HUX CHCTEMY
YpaBHEHHUI ¢ IByMsl HEU3BECTHBIMU:

d(my + 2ms3) = epy + Ay
o - (13)
O[myR_+ m3(R, + R )] =8mR, — epy

Jlns ynporuieHus 3anuceid BBeneM 0003HAUECHUS:
6m2: Mz, 8m3 = M3, 6m0 = Mo.
IIpaBblie yacTu ypaBHeHui (13), coneprkamue u3BecT-
HbIE BEJIMYUHBI, 0003HAYUM COOTBETCTBEHHO £pry + Ay = ()
(o]

u dmyR.. — g = C,. Ilomydum npocTyro cucTeMy ypaBHe-
HUM, PKBUBaJICHTHYO (13):
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{M2+2M3—C1 (14)

MzR_ + M3(R+ + R_) = C2

PemmB cuctemy ypaBHeHui (14), momydiM BeIpaKeHUS
s My u Ms:

R.+R_ 2
M,=C, ) >
R.—R_ R, —R_
1 R
M3:C2 —C1

R, —R_ R, —R_

1 TIOICTaBUM WX B ypaBHeHHe (12):

N MR, C,+C\R +C R R o 2R
S :a — _ 7 — —
BD R~ G+ G A e A )
MyA + (4 + R? RZ)CR*+R* |+
- 1Rk R-R
1 R
+24|c, - .
R.-R 'R.-R

OxonuarenbHo, noactasnss M,, C; u C,, nociue aji-
re0panvecKkux npeodpa3oBaHUil MOJYyUYHM CIICIYIOLICE
muddepeHnnanbHOe ypaBHEHHUE:

00 (o]

R+ R
883+833 R_*_—Rf—y +

R.—R

teps|RI-R2+ A+ ———| -
R.—R_ (15)

— dmg(2R? + A) + Ay(R2+ R* + A) +
aA24

+ (XSmOZA —
R, —R_

0.

TakuMm 00pa3oM, paccMOTPEB (PU3HUYCCKYHO MOJCIb,
HMCIOIIYIO TPH YCTONYMBBIX COCTOSHISI, HA OCHOBAaHUH Te-
opux OapbepOB MOTYYCHO ompeaesroniee ypasHeHue (15),
KOTOPOE JTaeT BO3MOKHOCTBH OMHCATh U CIIPOTHO3UPOBATH
CTaTHYECKUE U THHAMUYIECKIE PEXKUMBI 1e(hOpMIpOBaHUS
TTOJTMMEPHBIX MaTEePHUaIOB.

OtmeTnMm, 9To ypaBHeHue (15) mpeacrasnser coboii
nupdepeHnnanbHOe YpaBHEHHE BTOPOTO MOPSIAKA MO
BPEMEHH, CJICIOBATEIBHO, PEIICHHE JAHHOTO YPaBHCHHS
B ONPEACIICHHBIX CIIy4YasaX MPUBOAUT K KOHe6aTeJ'lI)HOMy
pexxumy penakcanuu. [loromy B KoneGaresbHOM cucTeme
Jla’Ke C OJTHOM BHELIHEH CTEeNeHbI0 CBOOO/BI IPU MEepHO-
JUYCCKOM BHEIIHEM HAaTPYKCHHH 00pasiia ¢ HEKOTOPO
4acTOTOH {2 BOBMOXKHO €€ B3aUMOJICHCTBHE ¢ COOCTBEHHON
YaCTOTOW CHCTEMBI ®.

IIpumMeHeHHe onpeeIsIOIIero ypaBHeHUs
K CTATHYECKOMY pe:kuMy AedopmupoBaHus

B ciydae pexxuma 1e(hopMUpPOBaHUS C MTOCTOSIHHBIM
ypOBHEM Harpy3ku ¢ = const (ynpyras nepopmanus
x = o/E)) ypaBHenue (15) npumer Gosee IpoCTON BUA:

00 (0)
€po(Ry —R) +egp(R. — R )+

+eps(R. ~ R)[RI R+ 4] = (16)
= Sm(2R? + AYR, — R ) — Ay(R? = R* + A)(R, — R.).

Ypaeaenue (16) — muneliHOEe HeomHOpOAHOE AU de-
PEHIMAIILHOE YPaBHEHHE BTOPOTO MOPSIKA C TOCTOSTHHBIMU
K03 HHUIHEHTAMHE, KOTOPOE B 00IIEM CITydae TpeaCcTaBuM
CITEIYIOTITM 00pa3oM:

00 o
a8B3+b8B3+CSB3:K—G0:®, (17)

TJIe BBEJICHBI IIPOMEKYTOUHbIE 0003HaueHus: @ = (R, — R );
b=(R.~R)%c=(R,~R)[(R}~R) + AJ; K = mg(2R? +
+ A)(R; — R_) — xo3ddunmenT, XxapakTepu3yoIuics
YPOBHEM HadaJdbHOW Harpysku; G, = AO(ZRJ% + R+ A)x
X(R, —R.).

Haiinem qUCKpHMHHAHT XapaKTePUCTHIECKOTO ypaBHe-
Hus (17) u uccmemyem ero.

TMockonbky D = 4ac — b2, T0 B JaHHOM Clly4ae Io-
ayunm, 9to D < 0. Torma \/ﬁ = \/§(RJr —R)R,+R),a
KOPHH XapaKTepHCTUYECKOTO ypaBHEHUsI OYlyT UMETh BHJL:

}\,1)2 = —B =+ i(D,

@(R YR):B R.—R.
e ® = — ) Pp=—
2T 2
B pesynbprare momydum ollee perieHne onpenessio-

miero ypaBHeHus (16) B sBHOM Buje:

_pL o pB.o C}
epn(f) = €l | cos— ¢+ —sin— ¢ ) +—,
T O Tp c
e €0 = £3,(0) — HaYaIBHBINA yPOBEHB Ae)OPMALIUH.
Iepenyiem ypaBHeHue (17), yuuTbiBas, 4To €gry = € — X'

00 [0
ag tbhe+ce=cx+ 0.

Pemum 3agaqy KOHII/I C HavaJIbHBIMU YCJIIOBUAIMU
£(0) = €9; £(0) = 0. B pesynsrare noay4um

g(r) = L(ﬁf(cosmr + —sincot) + B,
o
e L u B — HexoTopble Kod(QQULHEHTHI, KOTOPLIE ONpeie-
JIAIOTCS Yepe3 HavyaubHble U TPAaHUYHbIE yCIOBHUSL.

o
[pustome® =L+ B, aeg= L(BT[fB(COS(OT + Esincor) +

o
+ (—(DCOS(D‘C - wsinwt)] =0.
o)
Torna

g(t) = (0 - B)e*fﬂ(cosu)t + Esincot) +B.
®
[pu t — o, B = ¢, u 00I1Iee PEIICHUE OIIPEICIISIOIICTO
ypaBHCHHUSI IPUMET BH/T;

_pL O] B .o
g(1) = (e — g, )e T1><cos— t+—sin— t) te,  (18)
Tp ® Tp

0
0O003HaYUM — ¢ = z ¥ IPUMEM BO BHHMAaHHE, COTIACHO
Tp
ypaBHEHUSIM (3), UTO MPU 3HAYUTETHHBIX YPOBHSX HArpy3-
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A 1
Kku R_=—<<1, oTHOImEHNE — = —3 ITosmyuum ypaBHeHMe
o)
(18) B BuE:

\/§ = f . T
g(z) = ?(80 —gy)e @(sm(z + g) + 8OO>. (19)
[epenumenm ypasaenue (19) s pexxuma moa3ydecTu:
\6 Z I
g(z) = soo[l - —efﬁsin<z + —)] (20)
2 3
Benem dynkmmto
\B -z s
0(2) = —e*@sin(z " —). @1
2 3
Torna ypaBuenwue (20) mpumer BUA:
&(2) = &,[1 = 0(2)]. (22)

AHanorn4aeIM 00pazom u3 (19) momyuum BeIpaskeHne
JUIS PeXKHMa BOCCTAaHOBJICHUS:

&(2) = (€7~ £,)0(2) T+ &

IKcNnepUMeHTAJIbHAs POBEPKA MOJY4eHHOI0
pe3yJbTara

[Ipumenum BeipakeHue (22) s TEOPETHIECKOTO pac-
YyeTa KPUBBIX MON3Y4decTH. [ 3TOro UCIONb3yeM yHU-
BepcanbHy0 QYHKIUIO (21) U BEIYUCINM €€ YNCIICHHBIC
3HAYEHUS OT apaMeTpa z.

Jlist cpaBHEHHSI HCIIOJIb3YEeM SKCIIEPUMEHTaJIbHBIE «Ce-
MeiCcTBa» KPUBBIX TOJI3yYECTH JUIsl HUTH TOJUAITUIICHTE-
pedranara, Hoy4eHHbIE ITPH Pa3HBIX YPOBHSIX HATPY3KH G
(puc. 2).

O6o3naunm B Gopmyne (22) Benmuuuny [1 — @(z)] =
=y(z). Torna Tekymiee 3HaYeHnE Ae(HOpPMALIIH JUIS pacdeTa
3aIHIIEeM B BUIE € = Y(2)g,,.

Brrbepem mms mpuMepa KpUBYIO 6 Ha pHC. 2, IS KOTO-
POt MaKCHMAaJIbHOE 3HAYCHUE €, = 3.

IIpu atom €, = y,,€,, = 1,12¢,,,. 0.91

Jus pyaxmmm y(1,8) = 0,91 maiinem € = 1,?800 =2,73.

>

DTOMy 3Ha4YCHHUIO Je(GOpMallMi COOTBETCTBYET MOMEHT
1,8
Bpemenn ¢ = 300 c. Torma y(z) = W(ﬂt) [MoncraBus

3HAYEHUs] MOMEHTOB BPEMEHH B JIaHHYIO (pyHKIIHIO, BBI-
YHCIINM TeKyInue 3HadeHust nedopmaryu. Harmpumep, st

1.8
t=1000 ¢, y(z) = w(%' 1000) = y(6) = 0,981, a nechop-

Manus € = y(z)g,, = 0,981:3 = 2,94.

AHaNOrMYHBIM 00Pa30M BBIIIOJIHUM PacyeT TOUeK JJIst
KPHBBIX, COOTBETCTBYIOIIUX JPYTUM YPOBHSIM HAarpy3Ku —
180 MIla u 146 MITa. ITony4eHHbIe 3HAUEHUSI TSI KPUBBIX
6, 5 1 3 HaHEeCeHBI TOUKaMH Ha puc. 2.

g%
3,0 : 6
5
. 4
A
2,0
I 3
s
/ 2
-
1,0 4~

0 2000 4000 6000 8000 10000 tc¢

Puc. 2. KpuBble non3ydecTu noiaudTUiIeHTepedTanara mpu
pa3HbIX YpOBH:AX Harpy3ku ¢: / — 97 Mlla; 2 — 121 MlIla;
3 — 146 MIla; 4 — 170 MIla; 5 — 180 MIla; 6 — 206 MIla
Fig. 2. Creep curves for polyethylene terephthalate thread vs.
the stress level 6: 1 — 97 MPa; 2 — 121 MPa; 3 — 146 MPa;
4— 170 MPa; 5 — 180 MPa; 6 — 206 MPa

B pesynbrare aHanu3a NOIy4YeHHBIX 3KCIEPUMEHTAIIb-
HBIX KPHUBBIX IOJ3YYECTH U PacUETHBIX 3HAYCHUI BUIHO
COIVIACOBAaHME JIAHHBIX TEOPHH M 3KCIEPUMEHTa. MOXKHO
c/ienath BBIBOJI, YTO paccMarpuBaeMast IByXxOapbepHasi MO-
JIeTTh TIPUTO/THA JUISl OTIMCAHUS TIONI3Yy9ECTH CHHTETHIECKUX
MOJIMMEPHBIX MAaTEPUAJIOB.

3akiaouenune

Paccmorpena ¢u3ndeckast MOsieb OPHEHTHPOBAHHBIX
MOJIMMEPHBIX MaTEePUAIOB, B OCHOBE KOTOPOM JISKHT Te-
opusl DHEpreTudeckux Oapbepos. IIpuBeneHo onucanue
MOJIEIIH C IBYM$I SHEPIeTHIECKHUMH OapbepaMu, HMEIoIast
IIPH 9TOM TPH YCTOWYHMBBIX COCTOSHUS MaKpPOMOJICKYII.
B pesynsrare nmpeoOpa3zoBaHus ypaBHEHHN OanaHca Yicem
3aI0JIHEHHSI COCTOSIHUI TTOJTy4eHO OTpe/IerIsfolee ypaBHe-
HHE JUIsl OTHOOCHO OPUEHTHPOBAHHBIX MTOJMMEPHBIX MaTe-
pHaoB, KOTOpOE TpezcTaBisieT codoit anddepeHipaisHoe
ypaBHEHHE BTOPOTO TOpsi/iKa 1o BpeMeHu. [lomyuennoe
OIIpeIeIIsIIoIIee YpaBHEHHUE 1aeT BO3MOXKHOCTh OIMCHIBATD
1 [IPOTHO3UPOBATh KaK CTaTHUECKHE, TaK U JMHAMUYECKUE
peXuMBI 1eopMupoBanus. B kadecTBe mpumepa npuBe-
JICHO pelIeHHe YPaBHEHUS IS Cllydasi pexxnma eopmu-
POBaHUS C MOCTOSHHBIM YPOBHEM Harpysku. B pesysnbra-
T JUIS PEKUMa TOJI3YYECTH MOIYyYSHO BBIPAKEHHE JUIS
nedopmannu, coaeprKaiee YHUBEpCAIbHYIO (PyHKIHIO 1
HMEIoLIEe TPOCTOM BUJ. MeTOI0M COBMEIIEHUS IOy YEH-
HBIX KPUBBIX MOJIBYUYCCTHU MMOKa3aHO, YTO TCOPECTUUCCKHUE
BBIBOJIbI HAXOJATCA B COINIACUM C DKCIIEPUMEHTAJIbHBIMHU
JaHHBIMHU, YTO CBUACTCIILCTBYET O IMPUIOJHOCTU pacCMO-
TPEHHOT'0 METO/Ia MOJICINPOBAHUS K ONMCAHUIO Mpoliecca
TIOJI3YYECTH B TOJTMMEPHBIX MaTepHaax.
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Abstract

This paper presents the design of a microstrip patch antenna based on a Square Split Ring Resonator (SSRR). Wireless
technology is switching from 4G to 5G due to the need to overcome limitations, such as low throughput, high latency and
path loss. To increase data transfer speeds, the next generation of wireless networks uses 5G terahertz technology. The
use of microstrip patch antennas in wireless technologies has increased significantly due to their low cost and simplicity
of design as well as the ease of printed circuit board fabrication. However, in some cases their use is limited by low
bandwidth, low gain and low throughput. To solve these problems, the Fennec Fox optimization algorithm is used. The
algorithm allows you to optimize the length of the microstrip patch antenna resulting in increased gain and reduced
return loss. Bakelite is used as a substrate. The width of the patch antenna is set according to the most suitable length
selected. To increase the bandwidth and Voltage Standing Wave Ratio (VSWR), a square split ring resonator (SSRR)
is used as a metamaterial. An evaluation of the designed microstrip patch antenna model with existing patch antennas
was performed. The estimated values of the parameters of the proposed model were the following values: return loss
—72.54 dB, resonant frequency 1.11 THz, achieved gain 15.25 dB, VSWR value 1.5646. The estimated values of the
developed model exceed those of existing samples. Thus, the developed microstrip patch antenna using Fennec Fox
optimization and square split ring resonator metamaterial shows better results in the terahertz range.
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wireless technology, gain, resonant frequency, microstrip patch antenna, MPA, square split ring resonator, SSRR
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AHHOTANMA

IIpencraBnena KOHCTPYKINS MUKPOIOJIOCKOBOW TaT4-aHTEHHBI HA OCHOBE KBAJAPATHOTO Pa3beMHOTO KONBI[EBOTO
pesonaropa (Square Split Ring Resonator, SSRR). becripoBogHas TeXHOIOTHS CBS3U MEPEXOANT co cTaHaapra 4G Ha
crannapt 5G u3-3a HeOOXOAUMOCTH CHATHS TAKUX OTPaHUIEHHH, KaK HEBBICOKAs MIPOITYCKHAsI CIOCOOHOCTB, OObIIas
3ajiep>KKa M TIOTePH Ha ITyTH TIepeiadi JaHHBIX. B clieyromniem mokoneHny ceTeil OecripoBOIHON CBSI3H [UIS TOBBIIICHHS
CKOPOCTH INepe/iadn JaHHBIX MPUMEHsIeTCs TeparepioBas TexHonorus 5G. [IpuMeHeHne MUKPOIIOIOCKOBBIX TaTY-aHTeHH
B OECIIPOBO/IHBIX TEXHOJIOTHSIX 3HAYUTENBHO PACIIUPHIOCH OiIarofapsi UX HU3KOH CTOMMOCTH, TIPOCTOTE KOHCTPYKIINH 1
npouecca n3roToBJICHUA [eYaTHOM TIaThI. O)lHaKO B psaae Ciiy4acB IPUMEHEHUE IaTY-aHTCHH OI'PaHUYUBACTCA MaJioi
MOJIOCOH MPOITYCKAHHsI, HEOONBIINM KOI(P(UIIMEHTOM YCHIICHHST U HU3KOU MPOIYCKHOM crtocoOHOCThI0. [IIst pereHust
9THX MpoOIEeM MCHONB3yeTCs anropuT™ onTuMuzanun Fennec Fox, KoTopslil MO3BONAET ONTUMH3HPOBATH ATHHY
MHKPOTOJIOCKOBOH MaTY-aHTeHHBI, YCHINTh CUTHAJ U CHU3UTH 0OpaTHBIE TOTepH. B kauecTBe MOI0KKH HCTIOIb30BaH
Gakemurt. [1InpuHa MUKPOIOIOCKOBOIT TaT4-aHTEHHEI YCTAHOBIICHA B COOTBETCTBHY C HAHOOJIee TTOAXOASIIEH BHIOPAHHOM
JUTHOIL. JI71s1 yBEeMUeHUs ITOJIOCHI MPOITyCKaHMs ¥ Koo durnenTa ctosrueii Boaus! 1o Hanpspkenuio (KCBH) B xauectse
MeTaMmaTepuaia NpUMEHEeH pe3oHaTop Ha ocHoBe SSRR. BrinonHeHa olleHKa CIIPOEKTUPOBAHHOM U CYLIECTBYIOIINUX
MoJiesiell MUKPOIIOJIOCKOBBIX MaTy-aHTeHH. OLIEHOYHbIe 3HAUEHUS MapaMeTpoB IpeaslaraeMoil Mojiesiu coCTaBIWIN
ClIeyIOIUe BeJIMYMHbI: 00paTHble notepu —72,54 nb, peonancHas yactora 1,11 TI'n, nocturnyroe ycunenue 15,25 nb,
snauenne KCBH 1,5646. [TonyueHHble 3HaU€HUS MapaMeTPOB pa3paboTaHHON MOAETH MPEBOCXOAAT MOKa3aTelu
CymecTByIomux o0pas3nos. Takum o6pazom, pa3paboTaHHAs MUKPOMONOCKOBAs TMAaTY-aHTEHHA C MCIONb30BAHUEM
ontumm3anyu Fennec Fox m MeTamareprana Ha OCHOBE KBaJPaTHOTO Pa3heMHOTO KOJIBIIEBOTO PE30HATOPa MOKa3aia
JIy4qIIHe Pe3yNbTaThl B TeparepoBOM JHaNa3oHe.

Kurouesblie ciioBa
OecrpoBOHAST TEXHOJIOTHS, IIPHPOCT, PE30HAHCHASI YacTOTa, MUKPOIIOJIOCKOBas mard-aHTeHHa, MPA, kBanpaTHbIi
pa3beMHblil konbLeBoi pezoHarop, SSRR

Cepuka aas nutupoBanus: Kymapu C., Kymap A., An6anaran D., Kymap Totu K., [Ilapma M. IIpoextupoBanue
MUKPOIIOJIOCKOBOH NaT4Y-aHTEHHbI Ha OCHOBE MeTamarepuana SSRR juis TeparepioBoro quana3oHa ¢ UCIOIb30BaHUEM
anroputMa ontumuzannu Fennec Fox // HaydHo-TexXHHYeCKH BECTHUK MH(OPMALMOHHBIX TEXHOJIOTHH, MEXaHUKH 1

onrtuku. 2023. T. 23, Ne 6. C. 1205-1213 (na anr. 513.). doi: 10.17586/2226-1494-2023-23-6-1205-1213

Introduction

In daily life, wireless connectivity is crucial and acts as
the transmission medium for sending data or information
wirelessly from one location to another [1]. This
enables data interchange across Radio Frequency (RF)
and microwave frequencies without using a conductor.
Electromagnetic waves are the medium used in wireless
communication to transport data among the sender and
the recipient [2]. High-speed data transfer between various
electrical devices is necessary for next-generation wireless
communication [3]. Terahertz (THz) frequency band is a
range of frequencies between 0.1 to 10 THz that might
be used for high-speed data transfer [4]. The terahertz
frequency range is currently generating a lot of attention
because of its higher data rate, higher bandwidth, non-
ionizing nature and excellent determination in wireless
communication [5]. Its spectral range is situated between
the RF and mid-infrared regions, which may accommodate
bandwidths as high as hundreds of GHz.

In the future years, the THz frequency range will enable
high-channel capacity, increased data speeds and excellent
quality broadcast capabilities [6]. Emitting or receiving
electromagnetic waves is the purpose of an antenna.
Traditional microwave antennas, which are often employed
in various real-world applications, lack some of the benefits
that microstrip antennas can execute [7]. The most basic
and widely used microstrip antennas are rectangular and
circular patches. The patch antenna is a key component of

the existing wireless communication system that has been
essential in this development [8]. Microstrip patch antennas
(MPAs) are smaller, lighter, cheaper, easier to make and
more easily integrated into wireless communication and
mobile radio applications than traditional microwave
antennas [9, 10]. Their primary drawbacks are reduced
gain and bandwidth which may be greatly increased using
various ways.

Utilizing metamaterials is one of the key techniques, an
artificial material unavailable in nature [11]. Its qualities
are determined by its structure which can be elliptical,
rectangular, triangular, circular, or any other form, rather
than by the materials it is composed [12]. The magnetic
permeability, electric permittivity and index of refraction
for natural materials are often positive. However, some of
the properties are negative in metamaterials, and they are
referred to as Negative Index Materials and Left-Handed
Materials [13]. Metamaterials are used in the development of
ideal lenses, wave retarders, absorbers, cloaks, and antennas
[14, 15]. A parameter-based metamaterial MPA is designed
to increase the terahertz resonant frequency for diverse
applications. Major contributions of the designed model are:
— Designing a MPA using an optimization algorithm with

Square Split Ring Resonator Metamaterial for Terahertz

Applications;

— Bakelite material is employed as a substrate in the MPA
for its better dielectric constant and loss tangent;
— Dimensions of the MPA are optimally selected using the

Fennec Fox optimization;
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— The Square Split Ring Resonator (SSRR) is used
as a metamaterial to enhance the antenna gain and
bandwidth.

Literature Survey

Many MPAs based on metamaterials are developed
to enhance the bandwidth and gain of the antenna. Some
related articles that use metamaterial MPAs have been
researched and reviewed here.

Sagik et al. [16] had designed metamaterial structures
by using the Artificial Neural Network (ANN) approach for
optimizing the gain and directivity of a microstrip antenna.
The radiation curves of the antennas can be formed by
orienting them in accordance with the power densities that
achieves in a particular direction which has been previously
established. Using the best metamaterial structure, it was
intended to enhance the gain and directivity of MPAs
based on this characteristic of antennas. The developed
metamaterial structures interacted with the antenna to train
the ANN approach is to predict the best suitable values for
the antenna gain, frequency and directivity.

Guttula et al. [17] had developed a MPA via an
improved metaheuristic algorithm using an optimization
algorithm. In order to support the development of the
solution spaces for antenna restrictions, an alternative
approach has been developed in this study. Elephant
Herding Optimisation with Distinct Scaling Factor, an
improved optimization method that modifies the MPA
parameters having being developed. By choosing the MPA
substrate thickness, patch length, width and dielectric
value, the designed work aimed to attain optimum antenna
gain. At last, the designed model was verified in terms of
gain, cost and efficiency analysis was conducted.

Suraj et al. [18] had performed an optimized
metamaterials-based WiFi antenna based on a genetic
algorithm. The MPA for International Safety Management
applications is described in this study and includes
SSRR components at the ground plane. The antenna
properties were increased as necessary by including the
metamaterials that have been physically engraved into the
ground without altering its radiating patch. The left-handed
activity of metamaterials influenced by the direct contact
of SSRR with electric fields is frequently represented as
shunt inductance and series capacitance. The developed
metamaterials antenna produces an increased gain while
shrinking in size after a genetic algorithm is included.

Shamim et al. [19] had introduced a high-speed
terahertz applications model with the miniaturized
wideband MPA. This model of wireless communication
MPA has a 0.72 THz resonance frequency. This designed
antenna consists of an impedance bandwidth of 37.50 %
and 0.72 THz centre frequency with a 0.53 to 0.84 THz
frequency range. Input impedance, input loss, Voltage
Standing Wave Ratio (VSWR) and radiation patterns in the
E-planes and H-planes are used to demonstrate the result.
The designing and simulation were done by utilizing the
finite difference time domain method and a simulator based
on full-wave electromagnetic with the CST Studio suite.

Singh et al. [20] had designed MPA for Ultra-
Wideband (UWB) applications with the Moth-Flame

optimization algorithm. MPAs are designed to work in
dual and multi-band applications due to their inexpensive
price, lightweight and simple installation. The antenna
performance was enhanced, while the material cost was
decreased by using the liquid crystal polymer substrate
with the appropriate geometrical parameters. The MFO-
optimized antenna has a small dimension of 50 x 50 mm,
which enhances antenna performance. The antenna
working bandwidth was 3.1 GHz, and its 20 dB Return
Loss (RL) covered UWB applications. Comparing the
simulation results to the preceding approaches, the
designed model shows better radiation pattern, impedance
bandwidth, directivity and steady gain for the entire
frequency spectrum.

Different versions with varied MPAs have been
developed in THz frequency that ranges for various
applications based on the materials examined above. They
basically chose to create an antenna with a higher size or a
narrower bandwidth. Further research is required in MPA
to enable data transferring at THz frequency in wireless
communication. Thus, the optimized MPA is created to
increase data transmission bandwidth at THz frequency.

Design of an Optimized MPA

MPAs are inexpensive with a small profile that is simple
to develop and they can be integrated with electronic
devices. To construct a high-performance antenna, one
must understand the various antenna parameters in-depth.
These parameters include the radiating patch, loss tangent,
feeding method, dielectric material thickness and constant
value. The material used for the substrate is positioned with
the same width and length as placed between the radiating
patch and ground plane.

Fig. 1 demonstrates the metamaterial-based MPA for
terahertz applications. Fig. 1 illustrates the structure of
an MPA which contains a radiating patch on one side and
a ground plane on the other. The substrate, feed line, and
radiating patch make up the layout. By using the microstrip
inset method, a rectangular patch is supplied. In this model,
the radiator patch is generated on a Bakelite substrate which
is a material with the specified parameters such as loss
tangent of 0.0002 and a relative permittivity of 4.8 intended
for the development. The Fennec Fox Optimisation chooses
the patch antenna ideal length and breadth for radiating.
Based on the optimally selected length and width, the slot
length and width and the insert feed length and width are

> Ground
plane

Substrate

Fig. 1. Metamaterial-based MPA
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determined for designing the metamaterial-based patch
antenna. The metamaterial used in this model is a SSRR.

MPA parameters

The basic parameters used for designing the MPA are
length (L), width () and height (H) of the substrate, length
of the ground (L,), microstrip feed width (%), inset feed
width (), inset feed length (L)), slot length (L), width of
the ground (W), slot width (W), and feed location (L;).
The patch antenna length and breadth have been determined
best within these parameters corresponding to the fitness
function of decreasing the resonant frequency. The resonant
frequency is the frequency at which the patch receives the
most power or when the feedline and patch impedances
are most closely matched. It is also the juncture at which
the impedance is purely resistive and inductive reactance
equals the capacitive reactance.

Cc

2L VS,.eﬁ' )

Here, &, denotes the effective dielectric constant, ¢
denotes the speed of light in free space, and L signifies the
length of the patch antenna.

Equations illustrated below are used to obtain the
effective length and dielectric constant.

Resonant frequency, fi =

(1

e +1 g1 126\
+ 1+ ,
2 2 w

Leff: L+ ZAL,

Sreff =

where &, represents the substrate dielectric constant; the
patch antenna width, length and height are denoted as W,
L and H.

Width of the microstrip patch antenna,
c 2

W=— .
2N g +1

These parameters are determined for designing the MPA
with minimal RL. The patch height is optimally selected
using the Fennec Fox optimization algorithm.

Fennec Fox optimization algorithm

Fennec foxes are found in North Africa and Egypt’s
Sinai Peninsula as members of the Vulpes family of foxes
[21]. Because of its huge ears, the fennec fox can be easily
recognized. An omnivorous creature that consumes fruits,
certain tubers, small birds, skinks and eggs. The fennec fox
has two more significant qualities than its other abilities.
These qualities include an effective digging ability and a
means of avoiding predators. The two abilities of the fennec
fox’s behaviours are much more important than the rest
of them. Some of these characteristics include the ability
to dig deeply and the capacity to escape from predators.
Fennec foxes build their nests in the sand, and they
immediately dig their prey out of the sand after detecting
their movements beneath because they are sensitive to the
motions of tiny animals and insects.

Parameter optimization for the MPA

For selecting the optimal width and length of MPA,
the Fennec Fox optimization algorithm is used. Some of

the steps that are considered for optimal length and width
are initialization, fitness function evaluation, updating and
termination.

Step 1: Initialization. The optimal values for the width
and length of the MPA are selected by initializing the values
ranging from 90—120 pm. These values are initialized
according to the following equation.

F= (X], Xz, X3, ey Xn)

Step 2: Fitness Function. Fitness function for the
optimal value selection of length for the MPA is illustrated
in the below equation.

fitness = {maximize(f,)} .

By maximizing the resonant frequency of the MPA
using the equation (1), the length can be optimally selected.
Step 3: Updating. Similarly, until the optimal solution
is found, the various length values are updated using the
below equations.
Z0 I =7, L€ {1,2,3,4,5, ..., N},

a
i=1,2,3,4,5 ...N

rand

rand
Zp2 _ { Zab +rx (Za,b —Ix Za,h): Ga < Ga;
ab

rand
Za,b +rx (Za,b - Za,b ), else,

2 2
Za={zap ’(;Z <Ga9

Z,, else,

where, G.“" is the objective function value, 2}y and Zfbnd
are its bth dimension, Z/"? denotes the escape of the ath
Fennec Fox from the intended target position, z” 2 signifies
the new suggested status for the second phase of the ath
Fennec Fox, GZZ represents the objective function value,
and / signifies the random number.

Step 4: Termination. After the attainment of best
solution, the process will get terminated. Based on the
optimally selected length of the MPA, the width of the MPA
can be determined and both are simulated for evaluating the
performance of the model.

Experimental analysis of designed MPA

MATLAB and HFSS tool are used to create the
metamaterial-based MPA for evaluating this proposed
model. The Finite Element Method (FEM) is the most
widely used commercial FEM for electromagnetic
structures in HFSS tool. To correctly optimize the antenna
settings, this is particularly beneficial for antenna engineers.
The Intel i5-10th Gen processor, CPU @ 2.50 GHz,
NVIDIA GTX 1650 4 GB (GDDR6) GPU, 16 GB Memory
(RAM), and 64-bit operating system are used to perform
the testing. The designed MPA using the ANSY'S HFSS tool
is illustrated in Fig. 2, a.

Fig. 2, b illustrates the MPA in this model which is
based on the SSRR [22] metamaterial with the 3 x 3 unit
cell structure. For optimally selecting the length of the
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a b
Zz < i >
\ Ground plane
Wy —1  SSRR
L ||z,
Bakelite
4 Y
i >
Wy
Fig. 2. The developed model of the MPA () and the design of the MPA based on the SSRR metamaterial (b)
Table 1. Parameters for designing the MPA RL, both with and without metgmaterial allows for' a
more accurate evaluation of the intended model. While
Parameter Dimensions, pm evaluating an antenna RL performance, maximum transfer
Length of the substrate L 150 of power theory and impedance matching are an essential
Width of the substrate ¥/ 180 factors. They measure the efﬁc1en<;y with which an antenna
- transfers electricity from an electrical source to an antenna.
Height of the substrate /7 10 The proportion of the incident antenna power to the power
Length of the ground L, 150 Din reflected back from the source antenna p,, is known as
Width of the ground ¥, 180 theRL. . .
Loneth of the oateh L 90 (optimally selected Fig. 3 illustrates the RL of the MPA with and without
cneth of the pateil &p (optimally selected) optimized parameter. The metamaterial surface is built
Width of the patch L,, 120 using a Split Ring Resonator in the shape of a square. The
Microstrip feed width 7, 5 proposed SSRR is made up of two concentric square rings
with an outer and inner radius square with a thickness of
Slot length L, 40 . . N
5 um. The metallic component is produced by printing
Inset feed length L, 98 on a Bakelite substrate. The achieved RL of with and
Slot width W, 50 without optimized parameter for 1.04 THz and 1.11 THz
Inset feed width 17, 20 are —36.50 dB apd —72.5.4 dB, respect.ively..
Gans bet th - 0 o1 Refractive index with real and imaginary graph of
aps between e rng & ’ optimized parameter based patch antenna is illustrated in
Gaps between the ring g2 0.2 Fig. 4, a. The refractive index of the SSRR is negative-
Spacing between the rings 0.2 index metamaterial whose refractive index for an

micro patch, the Fennec Fox optimization algorithm is
used. Based on this optimally selected length, the other
designing parameters for the MPA are determined.

Table 1 illustrates the derived parameters for designing
the MPA with SSRR metamaterial. Analysing the MPAs

|
[\
(=]

Return Loss, dB
IS
=

— Without Optimized Parameter l

— With Optimized Parameter

|
[*)
o

0.8 1 12
Freq, THz

Fig. 3. Return loss for with and without optimized parameter-
based proposed patch antenna

electromagnetic wave has a negative value over some
frequency range. Negative permittivity and permeability
are produced by the metamsaterial as a result of the
negative refractive index value. The refractive index of the
proposed SSRR is —4 for the frequency 1.06 THz. Fig. 4, b
illustrates the RL for proposed optimized length parameter
compared with the different length parameter of the patch
antenna. The proposed optimized parameter is 90, which
is compared with the different parameters of the patch
antenna that are 75, 80, 85, 95, 100 and 105. The attained
RL for the proposed and different parameter values are
38 dB, 43 dB, 46 dB, 72 dB, 56 dB, 60 dB and 65 dB for
the frequency of 1.1 THZ to 1.14 THz.

As illustrated in Fig. 5, the degree of directivity of the
antenna radiation pattern is known as antenna gain. It is
equivalent to the sum of the electrical effectiveness and
directivity of the antenna. The maximum obtained gain
antenna for with and without optimized value are 2.44 dB
and 15.25 dB. Thus, from these attained gain values, the
optimized parameter values of the MPA works with greater
than the without optimized parameter value.

Fig. 6 shows RF electrical transmission system, the
VSWR is the proportion of transmitted to reflected voltage
standing waves. VSWR is the more popular term for SWR
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a
4 — Imaginary
—Real

5 2
o
&
o
=
2
&
[}
o

0.8 09 1 1 12 13

Freq, THz

Return Loss, dB
A L
[w] S

|
D
S

0.8 1
Freq, THz

Fig. 4. Refractive index of a patch antenna with optimized parameters (a) and comparison of return losses for patch antennas
of different lengths (b)

dB(Gaintotal)

VA 2.4454
0.3246
-1.5426
-1.5454
Theta -2.4687

=3477935

-19.542

dB(Gaintotal)

6.5482
7.4832
9.2547
5 «5757
10.468
10.745
11.164
11.247
11.427
11.764
12178
12.457
12.574
13.417
14,507
15.274

Fig. 5. Gain of an antenna for with (@) and without (o) optimized value

because it frequently signifies the voltage ratio. The VSWR
value obtained for the proposed model at a resonance
frequency of 1.11 THz equals to 1.5 and the VSWR value
of 2 were determined at 0.90 and 1.25 THz, respectively.
Transmission coefficient compares the amplitude of the
transmitted wave to that of the incident wave. It is described
as the ratio of the amplitudes of the transmitted and
incident voltage waves. Reflection coefficient compares
the amplitudes of the incident and reflected waves. It is
described as the ratio of the amplitude of the incoming
voltage wave to that of the reflected voltage wave. In
Fig. 7, the transmission and reflection coefficient of the

20 T

proposed patch antenna are illustrated. The transmission
curve steepens at 1.09 THz, the same frequency at which
the reflection curve peaks. This suggests that a resonance
exists at 1.10 THz. The periodic arrangement of each unit
cell causes it to function as a microwave resonant circuit.
MPAs are designed based on various substrate materials
with different dimensions, which are illustrated in Table 2.
For comparison, the proposed model is evaluated for RL,
resonant frequency, gain and VSWR. The existing methods
compared with the proposed model are FR4 [18], Roger
RT Duroid 5880 [10], Silicon Oxide [20] and Quartz [21].
From the comparison of the proposed and existing model,

L,=380
—~L,=85
~L,=90

—L,=100

1 14 18

Freq, THz

Fig. 6. VSWR comparison for different length of the patch antenna
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Freq, THz

b

0
k=
Qo
2 \
% -10
s)
@)
o
.8
B
%
2 —20

—— Reflection Coefficient
0.8 0.9 1 L1 12 13

Freq, THz

Fig. 7. Transmission («) and reflection (b) coefficients for the proposed model

Table 2. Comparison of proposed and existing micro strip patch antenna

Proposed optimized Palanivel Rajan Ghosh and Mitra . .
patch antenna and Vivek [23] Darboe et al. [24] [25] Sirmaci et al. [26]

Substrate Bakelite FR4 Roger ;;Ts (?““’ld Silicon Oxide Quartz
Size, mm? 0.15x0.18 8x8 6.285 x 7.235 — 0.18 x 0.212
Patch size, mm? 0.90 x 0.120 1.025 x 1.58 34 x4.1 0.136 x 0.189 0.92 x 0.152
Resonant frequency, 1.11 0.074 0.028 0.46 1.08
THz
RL,dB —72.54 -15 —-13.48 —17.08 =55
VSWR 1.5646 1.148 1.5376 1.024 1.00
Gain, dB 15.25 10.81 6.63 9.64 3.57

the attained parameter values of the model are better than
the existing antenna model.

Conclusion

Using the Ansys HFSS tool, the design and analysis
of the MPA are implemented and evaluated. The bakelite
material serves as the substrate for the design of the
MPA and the patch antenna length is determined using
the Fennec Fox optimization method. To increase the
bandwidth of the developed model, the SSRR is employed
as the metamaterial. The designed model is evaluated by
resonant frequency, return loss, gain, and VSWR. These
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AHHOTAIHA

BBenenue. TeHOeHIMU pPa3BUTHUS COBPEMEHHOW paJMOXJICKTPOHHON ammaparypbl, BXOMsIIeH B cOCTaB
pPaanuoOJIOKAlIMOHHBIX CTaHLIl/Iﬁ, 3aKJIIOYAXOTCs B IOCTOAHHOM YBCIWYCHUUN BleO}lHOﬁ 1/13nyqaeM0y”1 MOIIIHOCTH.
OTO MPUBOJAUT K 3HAUNUTEIHHOMY MOBBIIIEHUIO TEIJIOBBIAEIEHUS OJOKOB YCUIEHHS MOIIHOCTH Kak Hamboiee
TETIOHArPYKEHHBIX. 7151 yMEHBIIEHHUS OTKA30B JaHHBIX OJIOKOB, CBS3aHHBIX C IEPETPEBOM, MPEUIOKEH OPHTMHATBHBIH
AITOPUTM OIEPATHBHOTO MOJJCPKAHKS TEMIEPATypPHOTO pekKHMa. B oCcHOBe anropuTMa JIEXHUT TETIOBast MOJEINb,
MO3BOJIAIONIAs, B OTIMYNE OT N3BECTHBIX MOJEJIeH, MPOM3BOANTh PACUET PACHPEACICHNUS TeMIICpaTypsl B OI0Ke B
peXHMe peanbHOro BpeMEHH € yIeTOM TeIEMETPHH C JaTINKOB TEMIIePaTyphl, yCTAHOBICHHBIX BHYTpH Oi1oka. HoBnsna
IIpe/UIaraeMoro aIropuTMa 3aKiIro4aeTcs B yIPaBIeHHH CUCTEMON OXJIaKAEHHS B peallbHOM MaciiTabe BpeMeHH Ha
OCHOBE IIPOTHO3a TEMIEPATypbl OJOKOB, IOIYUYCHHOIO C IIOMOIIBIO TeIuIoBoi Mozxenu. Mertoa. TerioBas Moaeib
GasupyeTcst Ha MaTeMaTHYeCKol (popMaM3aluy TEIUIOBBIX IPOLECCOB C UCIIONB30BAHMEM METO/Ia QHU30TPOITHOTO TeJIa,
KOTOPBIi 103BOJIET MUHUMH3UPOBATh BEIYNCIUTENBHBIE 3aTPAThl HA PACUETHI 32 CUET MPEACTABICHHUS OJI0Ka YCUIEHNS
MOIIHOCTHU B BHJE KBa3HOAHOPOIHOTO Tena. OCHOBHBIE pe3y/abTaThl. MoaeanpoBaHne Mpolecca paclpeaeneHus
TeMITepaTyphl B OJIOKE YCHIIEHHST MOITHOCTH BBITONMHEHO B cperie COMSOL. [Iitst oneHKH 3 (hEeKTUBHOCTH alTOpUTMa H
BO3MOXKHOCTHU PabOTHI B PeKHMME PEaIbHOTO BPEMEHH Ha 3Tarle IKCIUTyaTallly PaHoIOKAIIMOHHOM CTAaHI[UU BBITIOJTHEH
BEIYHCIIUTENBHBIA SKCIICPHIMEHT C MCIOJIb30BAaHUEM MOJICNIBHBIX JTAaHHBIX. Pe3ysbTaTsl MOAEINPOBAHHS MOITBEPAIN
BO3MOXKHOCTB ITPOBE/ICHUSI BBIYHCICHUIT paclpe/ieIeHus] TeMIIepaTyphl B OJIOKe B peallbHOM Macutabe BpEeMEHH.
Ofcy:xaenne. B omune oT CyIecTBYIOINX alrOPUTMOB MOJICPKAHUS TEMITEPATyPHOTO PeXHMa 0JI0Ka, OCHOBAHHBIX
Ha [0Ka3aHMUsIX TeMIePaTyPHBIX AaTYUKOB, ONPE/CISIONMX TEMIIePaTypy B TEKYIIHH MOMEHT BPEMEHH, pa3padoTaHHbIH
AJITOPUTM peaiu3yeT MPOTrHO3 TEMIIEPATyphl. DTO MO3BOAET IPUHUMATE MEPBI 10 OXJIAXKASHUIO OI0KA 0 HACTYTUICHHS
KPUTUYECKHUX aBapUIHBIX CUTYaLHH.
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Abstract

The development trends of modern electronic equipment included in radar stations consist of a constant increase in the
output radiated power. This leads to a significant increase in heat generation of power amplification units as the most
heat-loaded ones. To reduce failures of these units associated with overheating, this work proposes an original algorithm
for quickly maintaining the temperature regime. The algorithm is based on a thermal model, which allows, unlike the
known ones, to calculate the temperature distribution in the block in real time, taking into account telemetry from
temperature sensors installed inside the block. The novelty of the proposed algorithm lies in the real-time control of the
cooling system based on the block temperature forecast obtained using a thermal model. The thermal model is based
on the mathematical formalization of thermal processes using the anisotropic body method, which allows minimizing
the computational costs of calculations by representing the power amplification unit as a quasi-homogeneous body.
Simulation of the temperature distribution process in the power amplification unit was performed in the COMSOL.
To evaluate the efficiency of the algorithm and the ability to operate in real time at the operational stage of the radar
station, a computational experiment was performed using model data. The simulation results confirmed the possibility
of calculating the temperature distribution in the block in real time. Unlike existing algorithms for maintaining the
temperature regime of a block, based on the readings of temperature sensors that determine the temperature at the current
moment in time, the developed algorithm implements a temperature forecast. This allows you to take measures to cool
the unit before the onset of critical emergency situations.

Keywords
Thermal model, radio-electronic complex, power amplification unit, air cooling
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BBenenue

CoBpeMeHHbIE BBICOKOIOTEHIIMAIbHBIE PaJUOIOKA-
LMOHHBIC CTAHIIMH MOHHTOPUHIA KOCMHYECKOTO IIPO-
ctpanctBa (PJIC MKII) nmpencraBnstor coboit MHOTOAIIE-
MEHTHBIE IH(POBBIE CUCTEMBI C OOJIBIINM KOJIMYECTBOM
Paguo’IEKTPOHHON ammapaTypbl, GYHKIHOHHUPYIOMEH
Ha BBICOKOM YPOBHE MOIIHOCTH C HU3KOH CKBaXKHOCTBIO
1 OOJBIION JIMTENBHOCTBIO pajMouMITyIbca. Jlist Takux
SHEProHANPHKEHHBIX PSKUMOB KpaiHe BKHO 00€CIIEIUTh
HEOoOXOMMBIH TeMIIEPaTypHBIH PEKUM B IEPEAAIOIIEM Pa-
JUOAIEKTPOHHOM KOMITJIEKCE, TPU KOTOPOM BBITIOTHSAIOTCS
HCKJIIOYUTEIBHO BBICOKHE TPEOOBAHUS 110 HAJIS)KHOCTH.

B nacTosiee Bpemst Ipu NIPOESKTUPOBAHUU CHCTEM
oxnaxaenus PJIC MKII mupoko npUMeHSIOTCS TEIIo-
Bble MozienH [ 1], peaJTM30BaHHBIC B Pa3lIMUHBIX CUCTEMAX
aBTOMaTH3UpoBaHHOTO npoekTupoBanus (CAIIP) [2-9].
TerutoBsIe MOAETH, pacCMOTPEHHBIE B pabdorax [1-9], mo-
3BOJISIFOT JOCTAaTOYHO TOYHO PACCUUTATH NMOTCHIINAIBHO
BO3MOJKHBIE TEMIIEPATYPBI SJIEMEHTOB PAANOIIEKTPOHHOMN
annapaTypsl Ha CTaaAuu NpoekTuposanus. OTMETHM, 4TO
PUMEHEHNE TaHHBIX MOJIENICH B PeXKUME PEaIbHOTO Bpe-

MEHH 1 C YIETOM PEATbHBIX YCIOBUH (DYHKIIHOHUPOBAHUS
PJIC HEeBO3MOXKHO B CHITY JUTUTEIEHOTO BPEMEHH pacdera
1 OOJBIINX BBIYUCIUTEIBHBIX 3aTpPaT.

TemoBas Mozenb, mpemIokeHHast B padote [10], mo-
3BOJISIET IIPOU3BOJUTH ONEPATUBHOE BBIUUCIIEHUE TEMIIE-
paryp OJIOKOB YCHIJICHHUSI MOIIHOCTH B TPEAIOI0KECHUH,
YTO TeMIIEpaTypa pacipeiesiieHa 1no 0J0Ky paBHOMEPHO,
YTO0, KaK NMPaBUJIO, HE COOTBETCTBYET PeaIbHBIM YCIOBUSIM
¢dynxmonnposanust PJIC.

B pabore [11] paccmoTpena TernioBast MOJIENb Harpe-
Ba KOHTAKTHPYIOLIMX 3JIEMEHTOB (MX aHAJOr'H B HAIIeM
cityqae — OJIOKHM yCHJICHUSI MOIIHOCTH), KOTOpas y4u-
THIBa€T HEPABHOMEPHOE PaCHpelelIeHHe TeMIepaTypsl
1o anemeHTaM. OTHaKo TaHHAsi MOJIENIb HE MOJKET JIeUb B
OCHOBY YIPaBIIEHUSI CHCTEMOH TEMIOOTBOAA B CHILy pa-
OOTBI C MOCTOSIHHBIMHU MapaMeTPaMH, HE OTPaKAIOIIUMHU
TEKyILyI0 TEIUIOBYIO IMHAMUKY BHYTPH PaIHO3IEKTPOH-
HOT'0 KOMILJIEKCa, MOCKOJIbKY OCHOBHOM MapameTp JaHHOU
MOJIENN — TeMIIepaTypa OKpyXKaromieit cpeasl (Bo3ayxa) —
[IPUHUMAETCS [TOCTOSSHHOM BEJIMYUHOM.

B nacrosmeit pabore aist penieHus 3ajadu onepa-
TUBHOTO TIOJICPKAHUS TEMIIEPAaTypHOTO peXuMa OJIOKOB
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ANropuTM onepaTmMBHOro NoaaepXaHus TEMnepaTypHoOro pexmnma 6,10K0B YCUIEHUS MOLLHOCT!. ..

YCUJICHHS] MOITHOCTH (IIPH KOTOPOM MHHUMH3UPYIOTCS
3aTpaThl SHEPTUH Ha Pa0OTy CHCTEMBI OXJIAXKICHHS U
OJIHOBPEMEHHO HE JIOMYCKAETCs MEPErpeB paanodieK-
TPOHHOH anmapaTypbl) IPEIOKEH CICTYFOIIUH MTOIXO;
rmapaMeTpsl, KOTOPbIE H3MEHSIOTCS B IIpoIecce paboThl
PaAMO3ICKTPOHHON aNmapaTypsl B Y3KOM JHANa30He WITH
COBCEM HE M3MEHSIOTCS, TPUHUMAIOTCS KaK TIOCTOSHHBIE,
a IS OTpefieNieHns] TapaMeTpOB, KOTOPBIE MEHSIOTCS B
ITMPOKOM JTHAITa30HE, MOTYT MCIOIB30BATHCS TMTOKA3aHUS
JIATYMKOB.

BcernenctBre TOT0, 4TO KOJIMYECTBO OJIOKOB YCHIICHHS
MOIIHOCTH B COCTaBEe TOJIBKO OJJHOTO PaTUOIIEKTPOHHOTO
KOMIUIEKCa JJOCTUTAeT HECKOJIbKUX COTEH, pacueT mapa-
METPOB TEIJIOBOM MOJICIIU B PEKUME PEabHOTO BPEMEHU
(aktiuecku He peanusyem. OTHAM U3 BO3MOXKHBIX BapH-
AHTOB PCIICHUS JaHHOW 3a/Ja4Ml SBISICTCS MPUMCHCHUE
TEXHOJIOTHH MMapaJIIeTEHBIX (MHOTOMPOIIECCOPHBIX ) BBIYUC-
nernii [12, 13]. JIaHHBIIH METO TIPEITIONIATACT, YTO KayKIbIi
mporeccop OyIeT pacCUUTHIBATh B PEXKUME PEaTbHOTO
BPEMEHH TeMIIepaTypHOE PaCIpeaeIeHne TOIBKO CBOETO
6710Ka, MO0 TPyNIBl OJIOKOB, YTO UCKITIOYAET HEOOXOIH-
MOCTb MTOCIIEIOBATEILHOTO TIPOBEJICHUS PACUETOB JIJISI BCEX
0710K0B (JTHOO TPYIIITBI CAMBIX TEIIOHAPSKEHHBIX OJIOKOB)
Ha OJIHOM TIPOIIECCOpE.

Takum 00pa3oM, aKTyaJIbHBIM HAIIPABJICHUCM UCCIICIO-
BaHUU SIBIISICTCS pa3paboTKa TCIIOBOW MOJIEIH, KOTOpas
JIOJDKHA OTBEYATH JKECTKUM TPEOOBAaHUSIM OTICPATUBHOCTH
MIPOBENICHUS BBIYHMCICHUH. [[aHHAst MOIEIh TOIDKHA JICUb B
OCHOBY aJITOpPUTMA MTOAICPIKAHMS TEMITEPATyPHOTO PEKIMA
OJIOKOB B PEKMME PEaTHHOTO BPEMCHHU.

AJITOPUTM ONEPATHBHOTIO NOIEPKAHUS
TeMIIEPaTYPHOI0 PesKuMa 0JI0KOB yCHIIeHUSI
MOIIHOCTH € MOMOUILI TEILIOBOH MOIe]IH

AJNTOPUTM TOAIEPKAHUS TEMIIEPATyPHOTO pexXUMa
OJIOKOB JOJDKEH OBITH OCHOBAH Ha TEILUIOBOHM MOJICIIH.
[Mopsimok pa3pabOTKH TEIJIOBOI MOJEIN MPEICTaBICH Ha
puc. 1.

B xadecTBe OCHOBHBIX (DU3HYECKUX IPOLECCOB pac-
CMOTPHM IMPOLECCH TEMIONPOBOIHOCTH U KOHBEKIIMH,

PaspaGorka QusHuecKoii MoxeTH
e BEIJeNeHHEe OCHOBHBIX H BTOPOCTENeHHBIX (PH3HUECKHX POLECCOB
(TEIUIOIpPOBOIHOCTE, KOHBEKIIHSA, H3/TyUeHHe);
e  yueT BHYTPEHHHX H IPAHHYHEIX HCTOUHHKOB TeIla;
e  yueT rPAHMYHBIX yCIOBHI (HAIIpHMep, TeINIOH30/IHPOBAHHAS I PAHHIIA,
TEIUI00GMEH C BO3XYXOM, H3IyUeHHe Ha FPAHHIE);

o JONyIIeHHA, NPHOTHAKSHHA.

Pa3zpaGoTka MaTeMaTHUeCKOI MogeIH
o (opmamH3aI (QH3HYECKHX POLECCOB B BHIE TH((hepeHIHATEHBIX
YPAaBHEHHIL;
® JIOCTaHOBKa Ha‘I&TLHOﬁ, HavaTbHO-KpaeB oM 3a1a4H, 6o I\'paeBoﬁ 3aJavyH.

]

Martemarnueckoe MOJeJTHPOBAHHE
. BLI60p THCIeHHOI'O MeTO1a pelleHHA 3a1aun (Hanpmlep. METOA KOHSUHBIX
JJIEMEHTOB, METO KOHEUHBIX OﬁLeMOB)
¢ IIPOBEACHHE PACUEeTOB:
¢ BH3ya/IM3allHsi PEIICHHA B BHIE l‘pﬂd}HKOBl
® AHAIH3 Pe3yIbTATOB.

Puc. 1. Ilopsanox pa3paOOTKH TETIIOBOW MOJIEIN

Fig. 1. Procedure for developing a thermal model

IIPU 3TOM BEJIMYMHY U3Ty4EHUs, TOJYyUYCHHYIO C TIOBEpX-
HOCTH OJIOKa YCHJICHHSI MOIIHOCTH, YYUTBIBAaTh HE OyaeM.
[Ipumem, 4TO MOBEPXHOCTH OJIOKA OXJIAXKJACTCS 3a CUET
KOHBEKTHBHOTO TEIUIOOOMEHA C BO3/LyXOM.

Paccmotpum 6onee noapodHo atan «Pa3paboTka mare-
Matudeckoit Momenm» (puc. 1). s mocTpoeHHs TeTuIoBOi
Mozenu 670Ka 3a OCHOBY BO3bMEM YPaBHEHHUE TEILIONPO-
BOJIHOCTH, OTHCBHIBAIOIIEE HECTALMOHAPHBIE MPOLECCHI
TeTI000MeHa:

C(r)P(r)% = V((OVT(r, 1) + Fiier(r, 1), ¥ € Q,

0<t<T, (1)

rae r = (x, y, z) — pajinyc-BeKTOp, NPOBEICHHBIN N3 Havaa

orcueTa B TOUKy HaOmonenus; 7(r, t) — TemmneparypHoe

TOJIE B TOYKE C PAJNyC-BEKTOPOM I' B MOMEHT BPEMEHH £;

p(r) — MIOTHOCTH CpeAbl B TOUKE C PalyC-BEKTOPOM I;

¢(r) — ynmenpHas TEIIOEMKOCTH OJIOKAa B TOYKE C Pajv-

YC-BEKTOPOM T'; k(1) — K02(p(PUITHEHT TETITOTPOBOAHOCTH;

F..(r, {) — TJIOTHOCTb TEIJIOBBIX UCTOYHUKOB B TOYKE C

payc-BEKTOPOM I' B MOMEHT BpEMEHH f; () — pacueTHast

0051aCTh.

Vpasuenue (1) yuuTbIBaeT: HEOMHOPOIHOE pacpeese-
HHE TeMIIepaTypbl BHYTpHU OJIOKa; 3aBUCUMOCTH YEIbHOM
TEIUIOEMKOCTH, IUIOTHOCTH Marepuana, koddduunenra
TEIUIONPOBOJIHOCTH OT KOOPAHMHAT X, V, Z; 3aBUCHMOCTh
IUIOTHOCTH BHYTPEHHUX MCTOYHUKOB TEIUIA OT KOOPJIUHAT
Y BPEMEHH.

Pemrenne ypaBaenus (1) ¢ 3aaHHON TOYHOCTEIO B CITY-
Yae CJI0KHON IT'€OMETPHH MOTPeOyeT 3HAYNUTEIILHBIX BBIUHC-
JUTETBHBIX 3aTPaT, YTO HE MO3BOJIUT MPUMEHATH TAKYIO
TETIOBYIO MOJIeNTh Ha dTarne skcrutyararn PJIC. OtmeriM,
YTO JOTOJHUTENbHAS CJIOKHOCTD JAHHOTO YPaBHEHUS —
HECTallMOHAPHOCTH, 00YCIIABIMBAIOIIAsT 3aBUCHMOCTh TEM-
IepaTypel HE TOJILKO OT KOOPJAUHAT, HO U OT BPEMEHU.

B pesyinbrare nepedncieHHbIX IPUYUH IPUMEM CIIE/y-
IOIINE TOMYIICHHS:

— (yHKIMOHAIILHBIC SUCHKH OJI0KA, UIMEIOIIHE CIOKHYIO
CTPYKTYDY, 3aMEHUM Ha KBa3HOJHOPOJHOE aHU30TPOII-
HOE TeNo ¢ 3PEKTUBHBIMU 3HAYCHUSAMH TEIIONPOBO-
JHOCTH A, )\y, A, IO OCSIM X, V, z [12];

— BMECTO HecTaIlmoHapHOTo ypaBHeHUs (1) paccMoTpumM
€ro CTallMOHApHbIN aHAJIOT;

— B KauecTBE pacyeTHON 00JIacTH PacCMOTPHUM MPSIMO-
yroabHslii mapamenenunen: Q = (0, L,) x (0, L,) x
x (0, L,), Ly, Ly, L, — pa3mepsl pacueTHOi 0bnactu;

— MOIIIHOCTH TCIIOBBIACIICHUA 6y,ueM CUYUTaATh PaBHOMED-
HBIMH 110 ()yHKIIMOHAJILHBIM sTYeiiKaM OJoKa.

C y4eToM JaHHBIX JOMYIICHUH MOJIyYHM ypaBHEHUE
BUJIA!

2
PI(,0.2)

0*T(x, y, 2)
2 &

(X, y, 2) + 0%, 3, 2)

PT(x, y, 2)
2

(x,»,2) €Q

+h(x, 9, 2) + Fyex, 3, 2) =0, 2

Paccmotpum aiist ypaBHeHUs (2) KpaeBylo 3a1ady:
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O*T(x, y, z O1(x, y, 2)

)"x(xi Y,z ayz
( )M HCT(xayaZ):Oa (x,y,2) EQ,
a b
1,00, 7, z>(—y) o(T(0, 7, 2) ~ Ty,

OSySLy,OSZSLZ,

_)\’x(Lx’ ) Z)

0<y<L,0<z<L,

OT(L,y,2) _
— " = (T(L,, y, -
o UT(Ly, v, 2) = Toxp),

5,0, Z)aT(x 0,2) _

OstLx,0<z<Lz,

o(7(x, 0, z) — Toxp)’ (3)

aT(x L, z)

—Xy(x, Z) (T(xa Lyb Z) - TOKp)v

OSXSLX,0<Z<LZ,

oT(x, y, 0)
7\.2()(, Vs 0) oz = (x(T(x, Y, O) - Toxp)a
0<x<L,0<y<L,
oI, y, L.)
77\’z(xa Vs Lz)a— (T(x Vs z) Kp)’

0<x<Lx,0<y<Ly,

rae o — k03 UIMEHT TerIo00MeHa OJIoKa C BO3IYXOM;
T op — TEMIIEPATypa OKPYIKAIOLICH CPE/IBI.

Btopoe—cenpMoe ypaBHeHus: cucTemsl (3) mpeacTas-
JSI0T cO00W TpaHUYHBIE YCIOBUS TpeThero poxa. OHU
OITHCBIBAIOT MPOIECC TEII000OMEHa MEXIy OJIOKOM U OKpY-
Karolei cpeaoit (Bo3myxoMm). YIpaBIisIOMUMH MapamMe-
TpaMH B JaHHOM CHCTEME SIBISIIOTCS HapamMeTpsl o i Ty,
KoahdummenT o 3aBUCUT OT MHOTHX (DaKTOPOB, B 4aCTHO-
CTH, OT CKOPOCTH ITOTOKOB BO3/1yXa.

OTMeTHM, 9TO W3BECTHAS METOIUKA pacueTa Kodpdu-
LHCHTOB A, Ay, A, [12] siBisiercst momysMmupiaeckoi. [l
0oJsiee TOYHOTO OTNpeeIeHUs TaHHBIX KOA((UIINEHTOB
noTpedyeTcst peleHne 00paTHOM 3a1auu, KOTopast 3aKIIko-
4qacTCAa B TOM, ‘1TO6])I Ha OCHOBC TCIICMETPHUUCCKUX JaHHBIX
¢ MakeTa OJIOKa [0 M3BECTHBIM 3HAYEHHSIM TEMIIEPATYP €ro
3IIEMEHTOB OIPE/IE/IUTh HEH3BECTHBIC TAPAMETPEI Ay, Ay, A
JanHas npouenypa B HacToseld pabore He IPOBOANIACH
1 OTHOCHTCSI K AT IbHEHIIINM MCCIICTOBAHUSIM.

Ha puc. 2 nokaszaH alropuT™ OnepaTuBHOTO MOIepkKa-
HUS TEMIIEPATyPHOTO peskKrMa OJTIOKOB YCHIIEHHS! MOIITHOCTH
Ha OCHOBE TEIJIOBOM MOJIENH.

[Ipn n3mMeHeHnN TeleMETPUH MO MOTY4YEHHBIM 3Hade-
HUSIM TeMIieparyp OJIOKOB (B CIydae HOBBIIICHNUS TEMIIEpa-
TYPBI Ha JaTYUKax, PacCroJIOKECHHBIX HAa OCHOBHBIX TECIIIO-
BBIICJISTIONIMX 3JIEMEHTax OJIOKa) peraeTcst Kpaesas 3a/1auy
(3) B pexxuMe pearbHOro BPEMEHH Ha OCHOBE YTOYHEHHBIX
rnapameTpoB. B kauecTBe mapaMeTpoB, KOTOpbIe HE00XO-
JIIMO YTOYHUTH B PEXKHUME PEaIbHOTO BPEMEHH, BEIOPAHbI
napametpsl T, u o. apamerp T, MOxKeT ObITb Ompese-
JICH C ITOMOIIBIO aTYHMKA, PACIIOIOKEHHOTO Ha KOpIyce

0J10Ka 1 M3MEPSIIOLIETo TeMIleparypy Bosayxa. [lapamerp o
paccyMThIBAETCS 110 AMITUpHYeckuM popmynam. st yrod-
HEHUS IaHHOTO TIapaMeTpa MOXHO HCIIOJIb30BaTh JaTUHK,
M3MEPSIIONINI CKOPOCTh BO3/1yXa BOJIN3H MOBEPXHOCTH
6510Ka, KOTOpast OKa3bIBACT CYIIECTBEHHOE BIMSHNE HA
JaHHbIH K03 uieHT. [To pesynasTaTam perieHns KpaeBoi
3ama4u (3) BEIYUCISCTCS PACIpEeICHIE TeMITepaTyphl
BHYTpHU OJI0Ka yCHJIEHHsI MOILITHOCTH (TIPH BBIXOJIC HA CTa-
[IUOHAPHBIN pekuM). B cirygae mporHosa meperpesa 610ka
(T> Tp> T T,y — KPUTHYECKOE® 3HAYCHHUE TEMIIEPATyPhI
6J10Ka yCHIICHHUS MOIIIHOCTH) HEOOXOUMO YBEIUYUTh CKO-
POCTb ITOTOKA OXJIAXKJAIOIIETO BO3/lyXa WM CHU3UTD TEM-
neparypy Bo3nyxa. Eciu nanHble Mepbl He 00eceqyrBaloT
JIOCTaTOYHOTO OXJIAXIEHUs OJI0Ka, TO Yepe3 HEKOTOpoe
BpeMsi IPH NPUOIIVKEHUH TEMITEpaTyphl 0J0Ka K KpUTHYe-
CKOM ero TpedyeTcst IPUHYANTEIHEHO OTKIIFOYHTD JI0 MOMEH-
Ta OCTHIBaHUS (B IPOTHBHOM CiIydae OJOK MOXET BBIMNTH
u3 crpost). B ciydae cHATHSI neperpeBa OJ0Ka BBITTOTHS-
€TCsl KOHTPOJIb €TO TEMIIEpPaTyphl B MITATHOM PEKHUME.

J1s oueHkH 3P PEeKTUBHOCTH (M BOSMOXKXHOCTH) pe-
aJM3alUy JTaHHOTO aJrOPUTMa Ha NMPAKTUKE IPOBEAEM
BBIYMCIIMTEBHBIA OKCIICPUMCHT.

BoruucanTeabHbIH IKCICPUMEHT

J171st IpOBEICHHsI PacieTOB C EIbI0 OIIEHKH (P PEKTHB-
HOCTH pa3pabOTaHHO TETUIOBOI MOJIENH, a TaKXKe TIPOBEp-
KI BO3MO>KHOCTH ITPOBEACHUSI BEIYUCICHUH B PEKUME pe-
aJIbHOTO BPEMEHH HCIONIb30BaHbI JAHHBIE TUIIOBOTO OI0Ka
YCHIJICHHUS MOIITHOCTH C YTIOPSA0YEHHBIM PACIIONIOKCHUEM
y37I0B | 251eMeHTOB [14]. PacueTsl BBIMOIHUM C MCTOJb-
30BaHHEM IakeTa nporpammuoro obecneuenns COMSOL
Multiphysics ¢ TOMOIIBIO METO/Ia KOHEYHBIX JIEMEHTOB.

B kayecTBe MCXOAHBIX JAHHBIX JUJIs IIEPBOTO BBHI-
YUCIIMTEIBHOTO SKCIIEPUMEHTA BBHIOEPEM CIICAYIOMIHH
HabOp BXOJHBIX MapamerpoB: L, = 156 mm, L, =49 MM
u L,=75 MM — pa3Mmepsl 0JloKa MO OCSIM X, V U z,
k = 0,11 Br/(m'K); A, = 0,21 Br/(m'K); A, = 0,11 Br/(mK);
= 85 °C; cymmapnoe Terosbinenenue 10 BT
Baenem 0003HaueHne:

Tmax:max{Tl-\i=l,_N},

KP

rae 7; — pacueTHOe 3HaUCHUE TEMIEPaTyphl B i-OM y3Iie
ceTkH; N — KOJIMYECTBO y3JI0B CETKH.

[Ipu pacuerax HEOOXOAMMO JOOUTHCS BBITIOJHCHUS
YCIIOBUSL:

Tonax < Ty @)

J171s1 mepBOro BBIYMCIUTENBHOTO aKcnepHMeHTa BbIOC-
peM TeMIeparypy OKpy:xatouiero Bosayxa I, =40 °C,
4TO COOTBETCTBYET TE€MIIEPAaType BO3AyXa B PaJUONICK-
TPOHHOM KOMIUIEKCE IIPH TEIIOHAIPSHKEHHOM PEXXUME pa-
60TblL. Pesynbrarsl pacuera npeacTaBieHbl Ha puC. 3, a—c.
IIpu aTOM aTMocdepHOE naBieHne MPU pacyeTax CYUTa-
JI0Ch HOPMAJIbHBIM.

Maxcumansusie (7},,,) 1 MuaIManbsHble (7,,;,) 3Hade-
HUSI TEMIIEPATYP MTOKA3aHbI CBEPXY M CHU3Y BEPTUKAIBLHOM
TEeMIIEpaTypHOH LIKaJIbI.

Ha puc. 3, a noka3aHo pacrnpezeneHue TeMIepaTypsl
B CJIy4ae, KOIa CKOPOCTh ITOTOKOB BO3/yXa PaBHA HYIIIO.
B pesynbrare nepBoro 3KCrepuMeHTa BUIHO, UTO YCIOBUE
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ANropuTM onepaTmMBHOro NoaaepXaHus TEMnepaTypHoOro pexmnma 6,10K0B YCUIEHUS MOLLHOCT!. ..

N3ameHeHWe TeneMeTpuu No TemMneparypam
6nokoB Ne 1,2,..., N

v

YnpaerneHue TensIooTBOAOM € NOMOLLbIO TENJSIOBOW MoAenu

l_' CTaTuyeckue faHHble l—; | [MHamuYeckne AaHHbIe, MOCTYNaloWM1e ¢ AaTHUKOB: |

Koappmunentor 1 1

TennonpoBoaHOCTH

y TemnepaTypa oKpyXakoLiero

| MowHocTh | Kputuseckas Bo3AyXa
TennoBbiaeneHUs 6roka TeMneparypa 6noka

—’{ PeweHue kpaeBoM 3afa4un B peXuMe p €anbHOro BpeMeHun ]

@ I Maccus Temneparyp 6nokos: 71, ..., Ty ]
MHAMU KA BHYTpU GNIOKOB |

Ma6aputel Groka

CKopocTb MOTOKOB BO3AyXa

pHOWM

| Meperpes Gnokoe orcyTcTByeT | | MporHos neperpesa 6rokos |

YBenu4yeHne ckopoctu | YMeHb WeHW e TemnepaTypbl |
NOTOKOB BOsAyXa BO3AYXa
HeT

el
A—l neperpes OrIOKOB CHAT? +—1_’ nptuAwreanoe OTKIo4eHne

610Ka, ero oxnaxaeHUe Ao CHATUA
neperpesa, sateMm BKIYeHU e

| KoHTporib Temneparyp 610KOB Mo TeMneparty pHbIM AaTHMKam

Puc. 2. AnTopuTM™ ONepaTUBHOTO MOAAEPIKAHHS TEMIIEPATYPHOTO peknMa OJIOKOB YCHIICHHSI MOIITHOCTH Ha OCHOBE TEIUIOBOH MOZIENN
Fig. 2. Algorithm for quickly maintaining the temperature regime of power amplification units based on a thermal model

a Temneparypa, °C b Temneparypa, °C
4928 4 88
(]
80 MM 80
40
60 20 60
Y
40 a0
Y555 53,5
c Temneparypa, °C
480
80
40
MM o0 150 60
100
pd 50 MM
Lx o0 40
« v
: MM 40 0 52

Puc. 3. Pacupezienienue TeMIeparypel 1o 610Ky mpH 7, = 40 °C npy pasnudHbIX pe:UMax KOHBEKLHH: [IPH €CTECTBEHHOMN
KOHBEKIHH (@), Ipu ckopocTu Bozayxa 0,5 m/c (b), mpu ckopoctu Bozayxa 0,8 m/c (c)

Fig. 3. Temperature distribution throughout the block at 7,;. = 40 °C under various convection modes: with natural convection (a), at
an air speed of 0.5 m/s (b), at an air speed of 0.8 m/s (¢)
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a Temneparypa, °C b Temneparypa, °C

7~ ) al7,9

MM 80 80
40

20 150 M 60 150 § 60

100

y 0

Lr 0 _ il 40 40

w40 0 Y453 i w40 0 Y434

c Temmneparypa, °C

4699

80
40
WL 20 150 § 60
0
y
L:x 0 40
z R 40 0 Y419

Puc. 4. Pacnipesienienue TeMIieparypsl o 0oky mnpu 7, oxp = 30 °C nipu pa3nu4yHbIX pPeKUMaxX KOHBEKIIMU: IIPU €CTECTBEHHON
KOHBEKIIMH (@), pu cKopocTu Bozayxa 0,5 m/c (b), mpu ckopoctu Bozayxa 0,8 m/c (¢)

Fig. 4. Temperature distribution throughout the block at 7,;. = 30 °C under various convection modes: with natural convection (a),
at an air speed of 0.5 m/s (b), at an air speed of 0.8 m/s (c)

(4) BBINONHSIETCS TOJIBKO B CIIydae puc. 3, ¢ ¥ ¢ HEOOJIBIINUM
3aI1acoM, 4TO Ha IPAKTHKE MOKET HE TapaHTUPOBAaTh OTCYT-
CTBHE TIeperpena Jyisi 0J0Ka B CHIIy HEBBICOKOW TOUHOCTH
MOJIEJIH.

Paccmorpum ciaydait ¢pyHKIMOHMpOBaHUS OJOKa
npu OoJiee HU3KOW TeMIeparype OKpYKAIOILIEro BO3/1yXa
Top =30 °C. Pesynbrarel pacuera HPHBEICHBI Ha pHC. 4.
CKOpOCTBh TIOTOKOB BO3/[yXa COBIIQJAET CO CIy4asiMH Ha
puc. 3, a—c. Makcumanehsie (7,,,,) 1 MUHUManbHbIE (11;,)
3HauUEHMs TEMIepaTyp MOKa3aHbl CBEPXY U CHU3Y BEPTHU-
KaJIbHOM TeMIIepaTypHOM LIKaJbl.

B ciyuae ucnonb3oBanus 0osee HU3KOH TeMIepaTypbl
ycioBue (4) BBINOJNHSACTCS Ha puc. 4, b, ¢, HO Ha puc. 4, b

Tabnuya. Pe3ynsraThl pacyeTa MaKCUMaJIbHON TeMIIEpaTypbl
BHYTPH OJI0Ka YCHICHHS MOITHOCTH MPHU PA3TUIHBIX BXOTHBIX
mapaMeTpax

Table. Results of calculating the maximum temperature inside
the block for various input parameters

Towp °C CKOpOCTb IIOTOKOB BO3/yXa Tnax °C
(v), M/c
40 0 92,8
40 0,5 88,0
40 0,8 80,0
30 0 82,0
30 0,5 77,9
30 0,8 69,9

¢ HeOompIKMM 3amacoMm. Mcxomast u3 aToro, 6osee HaaeK-
HBIM TSl O0CCTICUCHUS BBIMOIHECHHS YCIOBUS (4) SIBISCTCSI
Ha0Op MapameTpoB ciryyasi, U300pa>keHHBIM Ha pHC. 4, C).

Pesysbrarsl pacuera npy pa3IMvHbIX BXOJHBIX apame-
Tpax MPeACTABICHBI B TaONUIIE.

OTMeTHM, YTO JUIsl IPUMEHEHUS IPEIOKEHHOM MozIe-
JH B PEKUME PeajbHOrO BPEMEHH IIPH pacueTax JOJDKHEI
OBITH MCIIOJIB30BAHBI MIOKA3aHHA C JaTYMKOB MO TeMIIepa-
Type OKPY’KaloIIero BO3IyXa 1 CKOPOCTH IIOTOKOB BO3IyXa.
B nmacrosimeii pabore nipu pacdeTax 3TH 3HAYCHHUS 33]1aBa-
JINCh BPYYHYIO.

J1J1st IPOBEPKU BO3MOYKHOCTH PabOThI MOJICNIU B PEXKH-
Me peaybHOro BpeMEHH OLICHUM BpeMsi, 3aTpauuBaeMoe Ha
npoBezieHre pacyetoB. OHO 3HAYUTEIILHO MEHBIIIE OJJHOM
CEKYH/IBL.

[Ipu mpoBeCHUH IEPBOTO BBIUHCIUTEIBHOTO IKCIIE-
puMeHTa KO3()(UIUESHTHI TEIIONPOBOJHOCTH MO KOOPAHU-
HATaM X, V, Z CYUTAIIMCh IOCTOSHHBIMU 110 BCeMy OJIOKY.

Jnist mpoBelieHHsT BTOPOTO BBIYMCIUTEIBHOTO IKCIIe-
pPUMEHTa paccMOTPUM OJIOK YCHIICHHS MOITHOCTH Ooiiee
CIIO)KHOU CTPYKTYPHI (pHC. 5, a).

["aGaputsl O10Ka yCHIICHNUS MOIIHOCTH aHAJIOTHYHBI
TnapaMeTpam, UCIOJIb3YEMbIM ITPU IIEPBOM MOACIIMPOBAHUH.
Ludpamu /—4 Ha puc. 5, a 0603Ha4eHBI 00JIACTH, B KOTO-
PBIX KOA(P(UIMEHTB! TEIIONPOBOAHOCTH CYUTAIOTCS TI0-
crosiHHbIMHE. [Ipr 5TOM 1HppamMu /—3 OTMEUEHbBI 00IacTH
¢ (DyHKIMOHAJIBHBIMU s4YelikamMH, a nudpoi 4 o0o3HaueH
AIFOMUHHUEBBINA paguaTop.

Jlnst mpoBeieH s pacyeTa BEIOPaHbI CIICAYIONIHE 3HaUe-
HUA K09 GUIMEHTOB TeroBoaHoCTH: A = 0,11 Br/(MK),
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Fig. 5. Block model (@) and temperature distribution () inside the block during the second computational experiment

Ay =021 Br/(m'K), &, = 0,11 Br/(Mm°K), %, =
=0,2 Br/(m'K), &, , = 0,4 Br/(m'K), %, .= 0,2 Br/(M'K), A3 . =
= 0,5 Br/(m°K), A3 ,,= 0,6 Br/(M'K), A5 . = 0,5 Br/(m°K).

ITpu pacueTax Ha Bcex MOBEPXHOCTAX OJ0Ka ObLIO 3a-
JIaHO TPaHUYHOE YCJIOBUE €CTECTBEHHOM KoHBek1nu. Ha
pajmarope OIpe/esIeHO YCIOBUE BBIHYK/ICHHOM KOHBEKIIN
pu ckopocTH Bo3ayxa 0,5 mM/c (001yB HIET CHU3Y BBEPX),
Top = 30 °C, armMocepHOe aBIeHHE CYUTANIOCh HOPMallb-
HBIM. MOIIHOCTH TETUIOBBIACICHHUS JIUIsl TPEX oliacTeil:
P1=1Bt,P2=1Br, P3=4BT.

Pesynbrars! pacuera npuBeneHs Ha puc. 5, b. Bpems
MIPOBEICHUS JAHHOTO pacueTa TakkKe HaMHOTO MEHBIIE
CEKYHJIBI, YTO TI03BOJIMIIO BBHIITOIHUTH PACUCTHl B PEKUME
peaNbHOTO BPEMEHH.

OT™MeTnM, 9TO TPAAUIIMOHHBIC METOIBI pacyeTa, YIuThI-
BaIOIIHE CIOKHYIO TCOMETPHIO OJT0Ka, TayT Ooiee TOYHOE,
HO He OmepaTuBHOE penieHue. BpeMs npoBeieHus pacue-
TOB MOYKET 3aHSTh KaK HECKOJIBKO MUHYT, TaK U HECKOJIBKO
4acoB B 3aBUCHMOCTH OT NOAPOOHOCTH BHIOPAHHOM CETKH.
[Tpu >TOM, yem Oosiee cloKHasE TEOMETPUST paccMaTpHBa-
eTCsl, TeM OoJiee oIpoOHast ceTka OyJeT HyXKHa.

B nacrosteii padore rpu BeIOOpE CETKH OBIIIO YUTEHO
YCIIOBHE, UTO IPH JTAJILHEHIIIEM ee CTYIIEHUN TeMITeparyp-
HOE pacIipe/elieHre CYIIIeCTBEHHO He U3MEHSICTCS.

[lepcreKTUBHBIM HaIpaBICHUEM JUIS JTallbHEHIIETO
WICCIICIOBAHMUS TIPECTABISACTCS HCIIOIh30BAaHIE KBA3UPAB-
HOMEpHBIX ceTok [15, 16], koToprie comepikar Oombpiiee
YHCIIO y37I0B B HanOoJee TETIOHAMPSKEHHBIX 007IacTIxX
0JI0Ka yCHIJICHHsI MOIITHOCTH. JIaHHBIN MOAXO0/ TTO3BOJIUT
OINITUMHU3UPOBATH BbBIYUCIICHHS, ITOCKOJIBKY B O6HaCTHX,
rJie TeMIeparypa pacnpeaesieHa 1o 00Ky MpakTHYeCKH
paBHOMEpPHO He Tpedyercs Oparh OOJIBIIOE KOJINYECTBO
y3i10B. HampoTuB, B HauboJjee TerIOHANPSDKEHHBIX 00-
JIACTAX TeMIleparypa pacrpesesicHa mo OJIoKy HepaBHO-
MEpHO (TIPUCYTCTBYIOT 3HAUYUTEIBHBIC TEMIIepaTypHbIe
Tepenassl), CleIOBAaTeIbHO CETKA TOJDKHA OBITh TaM Oosee
oJpOOHOM.

3akaouenne

[TpoBeneHHBIN aHATN3 U3BECTHBIX TEIJIOBBIX MOJIETEH
PaaMO3NIEKTPOHHOM armapaTypbl oKa3aj, YTo OHU o0Jaia-
0T JIOCTaTOYHOM TOYHOCTBIO 33 CYET IPUMEHEHUS METO/Ia
KOHEYHBIX JIEMEHTOB JUIs TEIJIOBOTO PacyeTa CI0XKHOM
3D-Monenu paauodaeKTPOHHON annapaTypbsl. OgHaKo
TEIUIOBBIC PACYETHI IO TAKUM MOJEISIM He OYIyT orepa-
TUBHBIMH, YTO HE TTO3BOJIIET IPUMEHATH MX Ha JTare dKC-
TUTyaTaIiy PaIHoIOKAIIMOHHON CTAHIINHU [UTS TTOTy9eHUS
MIPOTHO3a TEMIIEPATyp PaaHOIEKTPOHHOHN anmaparypsl B
PEeKUME pearbHOTO BPEMEHH.

B pabote paccMOTpeHBI MOAXO/bI 110 MOJTYUYEHHIO OTle-
PaTHUBHOTO TEMIIEPAaTypHOro pacuyera. B kauecTBe OCHOB-
HOI'0 HEAOCTAaTKa M3YYCHHBIX HAYYHBIX pa60T OTMECUYCHBbI
rpyObIe HomyIeHus (HampuMep, OAHOPOIHOE pacipeie-
JICHUE TeMIIepaTypsl 110 BCeMy OJIOKY), YTO HE OTpa)kaeT
peasibHyI0 KapTUHY (YHKIMOHUPOBAHUS PaJHOAIEKTPOH-
HOW armaparypsl.

Pa3paboTaHHbII anTOPUTM OTIEPATHBHOTO TOIIEPIKa-
HUSI TEMIIEPATypPHOTO PEXKIMA OJIOKOB YCHIICHUS MOIITHOCTH
TIepearoIIero KOMITIEKCa PaTHoIOKaMOHHON CTAaHIINA Ha
OCHOBE TETIOBOM MOJIEIH TTO3BOJISET TOIydaTh TeMIIepa-
TYPHBII IPOTHO3 115 OJIOKOB B PEXKHMME PEabHOTO BpeMe-
HH, YUUTBIBasI, IPH ATOM, crieliuPUKY GyHKIIMOHUPOBAHHS
Paguo3IEKTPOHHOM annaparypsl. IIpoBeieHHbIN BbIUUC-
JIUTEBHBIN 3KCIIEPUMEHT MoKa3an paboTocrnocoOHOCTh 1
3¢ GEKTUBHOCTH pa3padOTaHHOTO aJrOpUTMa.

[lepcriekTHBHBIM NPEICTABIISIETCS NCTIONB30BAHHE TEX-
HOJIOTMH NapaJlIENbHbBIX BEIYHUCICHHUMN, TO €CTh POBEICHHUE
BBIYHCIICHUH MPOTHO3HBIX 3HAYCHHUU TEMIICPaTyp OIHO-
BPEMEHHO IS BCEH COBOKYITHOCTH OJIOKOB M3 cOCTaBa
TIepeAroIIero KOMITIEKCa PaTHOIOKaMOHHON CTaHIINN Ha
HECKOJIBKHX TIporieccopax. B aTom cimydae mpu paboTe mpo-
TpaMMBI K&KIBIH Mporieccop OymeT MPOu3BOJUTH PACUETHI
TOJIKO CBOETO 0JI0Ka (MJIM TPYIIIbI OJIOKOB), YTO MO3BOJIHUT
3HAYUTCIIbHO YCKOPUTH PpaCuYCThI.

Peanmauml TCXHOJIOTHU TMapaJlJICIbHbIX BBIYMCIICHUH
JUIsL pacueTa TeMIIepaTypHbBIX MOJIEH TPYIIbl OJI0KOB U
MPOBEpPKa BOZMOXKHOCTH MPOBEJICHHS JaHHBIX BBIUUCIIE-
HUH B peXKMME PEIbHOTO BPEMEHH TPeOYIOT JalbHEHIINX
UCCIIeI0OBaHUI.
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Abstract

The present study analyses the influence of magnetohydrodynamics on endwall heat transfer in turbine blades using
computational fluid dynamics simulations. The simulations consider the three-dimensional geometry of the turbine
blade, the magnetic intensity, and the boundary conditions. The outcome revealed the existence of a magnetic field
can outstandingly increase the pitch-averaged film cooling effectiveness and endwall heat transfer, particularly near
the edges of the turbine vane with an optimal magnetic field. This results in a more uniform distribution of heat
transfer along the endwall and can help to reduce hot spots and prevent thermal damage to the blade. The research
also highlights the importance of considering the magnetic intensity and its impact on the flow characteristics and heat
transfer when designing turbine blades for high-speed applications. By optimizing the design of the turbine blades to
take into account the magnetohydrodynamic effect, engineers can improve the overall performance and lifespan of
these critical components. Numerical simulations had been utilized to forecast the impacts of contouring of endwalls
efficiently, employing the secondary kinetic energy coefficient as the accomplished parameter demonstrated in the current
investigation. A reduction in endwall heat load with enhanced net heat flux reduction and aerodynamic performance is
reported for a non-axisymmetrically contoured endwall subjected to optimal magnetic field strength. The novelty of the
present study is the establishment of the impact of vortices on endwall heat transfer with respect to the vane under the
influence of magnetohydrodynamics to reduce the weight and cost of a turbine engine.
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non-axisymmetric contouring, magnetohydrodynamics, net heat flux reduction, aerodynamic performance, secondary
kinetic energy
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AHHOTAIUA

BrinonHeHn aHanu3 BIMSHUS MarHUTOTUAPOJUHAMHUKH Ha TEIUIOOOMEH Ha TOPLEBBIX CTEHKAX JIOMATOK TYpOWHBI C
HCTOJIb30BAaHNEM KOMITBIOTEPHOTO MOJEIUPOBaHUA. [Ipy MOZETMpPOBaHUH yUTeHA TpEXMEpHas T€OMETPHS JIOTIATKH
TypOUWHBI, HANIPSKCHHOCTh MarHUTHOTO TOJISI U TPaHWYHBIC yCIOBHs. Pe3yimbraT MoJeIMpoBaHUs MOKA3all, YTO
CYIIECTBOBAHWE MArHUTHOTO ITIOJSI MOKET 3HAYHTEIBHO MOBBICUTH 3(PPEKTUBHOCTH TUICHOYHOTO OXJIAXKICHHS B
CPEIHEM Ha IIar W TeIJI000MEH Ha TOPILIEBOM CTEHKE, 0COOCHHO BOJM3M KPaeB JIOMATKH TYpPOUHBI ¢ ONTHMATbHBIM
MarHUTHBIM TOJIEM. DTO MPUBOJAUT K 00Jiee paBHOMEPHOMY PACIIPEIEICHUIO TEIUIONEPeiaun BI0JIb TOPILEBON CTEHKH
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Convective heat transfer and hydrodynamics of flow at the endwall around a turbine...

U MOKET [IOMOYb YMEHBILIUTh KOJMUYECTBO FOPSUUX TOUCK U NIPEJOTBPATUTh TEPMUUECKOE TOBPEKICHUE Kpast JIONATKU
TypOuHbI. VccnenoBanue mokas3ano He0OXOJUMOCTh yueTa HaPsDKEHHOCTH MarHUTHOTO TOJSL M €rO BIMSHUE Ha
XapaKTepPUCTHKH TIOTOKA 1 TETUIONepeady Mpy MPOEeKTUPOBAHNH JIONATOK TyPOHH 71 BEICOKOCKOPOCTHBIX IPUMEHEHHUH.
OnTUMHU3HPYs KOHCTPYKIHIO JTOTIATOK TYPOUHBI C yIETOM MarHUTOTHAPOANHAMHYIECKOTO 3((eKTa, NHKEHEPH MOTYT
YIAYYIIUTH OOIIYI0 MPOU3BOANUTENBEHOCTD U CPOK CITY’KOBI 9THX KPUTHYECKH BAKHBIX KOMIIOHEHTOB. UHCIeHHOE
MOJIEIIMPOBAHNE IPUMEHEHO JUTs A(P(HEKTHBHOTO MPOTHOZUPOBAHUS MOCIEICTBUI KOHTYPHPOBAHHUS TOPIEBBIX CTCHOK
C MCHOJIB30BaHUEM KOA(QPHUINEHTa BTOPUIHON KMHETHUECKOI YHEPTHU B KaueCTBE OKOHUYATEIHHOTO Mapamerpa,
MIOJIy4E€HHOI'0 B pPe3yJIbTaTe BHINOJHEHHOrO aHauu3a. [loka3aHo CHMKEHHe TEIUIOBOI Harpy3Kd Ha TOPLEBYIO CTEHKY
JIOTIACTH TYPOMHBI C YMEHBIIEHHEM YHCTOTO TEIUIOBOTO ITOTOKA M YIYYIICHHE adpPOJINHAMHUUECKUX XapaKTEePUCTHK
TOPILIEBOM CTEHKH C HEOCECUMMETPUYHBIM KOHTYpPOM, IOABEPTHYTOI BO3/IE€HCTBHIO MAarHUTHOTO IOJISI ONTUMAaJIbHOM
HamnpsHKeHHOCTH. B paboTe mposeMOHCTpUpOBaHO BIMSIHUE BUXPEN Ha TEMIOOOMEH TOPIia OTHOCUTENBHO JTOMNATKU MOJ
BO3JEHCTBHEM MAarHUTOTUAPOJHMHAMUKHY JJIsI CHIKEHHUSI MAcChl U CTOMMOCTH Ta30TypONHHOTO JBUTATENs.

KiwueBble ciioBa
HEOCCCUMMETPHUYHOC KOHTYPUPOBAHUEC, MATHUTOTUAPOANHAMHUKA, YMEHBIICHUEC YUCTOTO TEIIJIOBOTO ITOTOKA,
A3POAMHAMHUYCCKUEC XapPAKTCPUCTUKH, BTOPUYHASA KUHCTUYCCKAs SHECPTrUst

Ccepuika pas uurupoBanusi: ApmkyH K.C., Taiin I[1.C. KoHBeKTUBHBIN TEII000MEH U THAPOJMHAMUKA TCUCHHS
y TOPLEBO# CTEHKH JIONATKH TypOHMHBI 1O/ JeficTBHEM MarHUTHOro mnois // HaydyHO-TeXHHYEeCKHil BECTHUK
NHYOPMANMOHHEIX TEXHOJOTHH, MexaHuku u ontuku. 2023. T. 23, Ne 6. C. 1223-1232 (na auru. s3.). doi:

10.17586/2226-1494-2023-23-6-1223-1232

Introduction

Heat transfer in magnetohydrodynamic (MHD) endwall
contouring in turbine blades is a significant and novel
research area with several potential applications in the
field of power generation. Endwall contouring of the
turbine is a method used in gas turbines to control the flow
of air and improve turbine efficiency [1]. By applying
a magnetic field to the fluid, the fluid is forced to move
in a particular direction, which can be used to control
the flow [2]. The effects of the magnetic field applied
transversely to the direction of the steady turbulent flow
could observe the flow field control and heat transfer when
numerically studied [3]. The magnetic intensity required
for the flow control can be quite low, and the magnetic
field can interfere with the operation of other heat transfer
components in the flow [4]. Additionally, the design and
implementation of an MHD system can be complex and
expensive [5]. Nonaxisymmetric endwalls are getting
universal status owing to their accomplished competencies,
changing the characteristics of the secondary flow and
altering the film cooling potential with respect to endwalls.

The convective heat transfer and hydrodynamics of
flow under the effect of low magnetic field strength can
affect the boundary layer development, flow separation,
and turbulence intensity, which in turn can modify the
average Nusselt number (Nu) increase of more than 10 %
by Hartmann number (Ha) of 12 [6]. The Lorentz forces
induced by the magnetic field can also modify the flow
patterns and velocity profiles, leading to changes in the
rotating disk pressure distribution and drag coefficient [7].
The extent of these modifications depends on the impacts
of the strength and orientation of the magnetic field, the
fluid properties, and the geometry on the thermal exchange
of nanofluid flow over a plate [8]. The impact of slip as
well as MHD of a layer of flow boundary on the thermal
exchange across a plate in motion is investigated using the
generation of distinct entropy by numerical simulations [9].
The effects of MHD on the nanofluid flow and heat transfer
in a stretchable surface are analyzed using Computational
Fluid Dynamics (CFD) simulations [10] and found to

significantly reduce the separation bubble size and enhance
its impact on heat transfer.

The use of MHD for thermal exchange augmentation
over a two-way, proliferating, stretching sheet of a
permeable nature, using a channel flow with a magnetic
field applied parallel to the flow direction was investigated
[11]. Aerothermal revamping of film cooling hole regions
at the squealer tip of a high-pressure turbine vane using
CFD simulations is optimized for cooling effectiveness
and aerodynamic performance [12]. The influence of MHD
on the heat transfer of a curved blade with turbulators in
a 3D duct using numerical simulations is examined [13].
The external magnetic field exerting towards the gradient
of temperature has an outstanding effect on thermal
exchange and hence should be taken into account when
designing for high-speed applications with a channel flow
[14]. A rectangular duct with a magnetic field applied
perpendicular to the flow direction was investigated
[15] and found that the MHD system improved the fluid
mixing and reduced the separation bubble size, leading
to a maximum heat transfer enhancement. The Nu
diminishes as the Ha rises beyond a critical value [16]
in a swirling flow due to a rotating disk of a cylindrical
enclosure. A detailed turbine flow modeling at low and
high turbulence intensities is performed concerning the
heat transfer and hydrodynamics in 3D throughout the
optimization by numerical simulations and the impacts
of the different secondary flow structures on the endwall
thermal exchange are described in depth [17].

The secondary kinetic energy coefficient (C;,) was
distinctly observed to be the best factor for the study
objective. An acuminate elevation in Cy, (150 % at
incidence 5°) at the vane row downstream with 50 % of
the axial chord plane was distinguished [18]. Delineated
the rotor allied angle of exit flow angle, coefficient of
loss, as well as the Cy;, as the best productive criteria
for designating the impacts of the shape deviations
of the endwall contouring as well as efficiency, while
other parameters indicated the load variation [19]. The
helicity parameter cannot be optimized in comparison
with C,;,, a drawback established [20] and suggests

ske>
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that concerning the turbine, the helicity parameter is
not suitable [19]. Nonaxisymmetric contouring of the
endwall can outstandingly increase the productive extent
of the purge flow area by up to 28.29 %, and the endwall
adjacent to the suction surface can attain greater cooling
potential [21]. The establishment tendencies of succeeding-
generation turbine vane cooling mechanisms, in excess of
2000 K temperature, include the progressive revealing of
enhanced efficiency complex cooling arrangement as well
as manifold objective collective cooling composition [22].

Some of the key research gaps include a lack of
experimental validation, limited understanding of the
interaction between MHD and other turbine components
(blade and cooling system), optimization of MHD
parameters, assessment of long-term durability and
maintenance requirements, and investigation of potential
safety concerns. Further research is needed to optimize the
magnetic intensity, the direction of the magnetic field as
well as endwall composition to determine the most effective
configurations for MHD in turbine endwall contouring.
Further incrementing models concerning 3D printing,
complex cooling composition models, and incrementing
in response with the artificial intelligence algorithm is also
of importance. Monitoring the cooling performance of
fresh cooling media as well as heat pipes, consolidated heat
conservation with fresh heat insulators, and the execution
of diminished resistance and elevated productive dimpled
surface cooling are also pivotal. The non-axisymmetrically
contoured endwall heat load reduction with better net
heat flux reduction and aerodynamic performance at an
optimal magnetic field strength is the innovativeness of
this investigation.

The span of MFR so far reported is inadequate for
the beneficial accomplishment of cooling the passage
concerning the Nozzle Guide Vane (NGV). The endwall
pressure surface substantiates that the coolant amenability
to accomplish the zone is extremely crucial. Furthermore,
the cavity of fishmouth in the passage of NGV-combustor
creates a cavity vortical structure of 3D nature that carries
away the coolant towards the pitch route. A higher step
height due to combustor-NGV misalignment necessitates
elevated momentum of coolant to control the vortices
generated through various steps. The vortices prevent
the upstream coolant from reaching the NGV passage.
In addition, the movement sequence of the coolant is
contingent on its blow rate. Diminishing the density ratio
or enhancing the Blowing Ratio (BR) leads to elevated
momentum of coolant, and can help the jets of coolant
smother the Horseshoe Vortex (HV) additionally, but also
cause more lift-off, mitigating the coolant reattachment
which adversely affects the cooling performance. This
study is aimed to brighten the knowledge on gas turbine
cooling at regions on the endwall that have the greatest
outstanding influence on the aerodynamic or endwall
thermal exchange accomplishments. In the current
investigation, collaboration is established connecting
mainstream as well as purge flow upon non-axisymmetric
contouring of endwall. The novelty of the present study is
the establishment of the impact of a 3D vortical structure on
turbine endwall heat transfer to reduce the weight and cost
of a turbine engine. The present study reduces the endwall

heat load of the vane and improves the overall efficiency
of the turbine. The present study forms the first report on
the impact of MHD on endwall heat transfer in respect of
turbine vane.

Research methodology

The simulations are typically conducted using a three-
dimensional model (Fig. 1) of the turbine blade with MHD
effects taken into account using CFD software on endwall
heat transfer in turbine blades. The simulations consider the
geometry of the turbine blade, the boundary conditions, and
magnetic intensity, and the results are typically analyzed
using the Nu. The magnetic field is applied around the
blade in the direction of the rotation of the blade. Though
predictions using Shear Stress Transport (SST) Transition
models were a high replica of experimental values
concerning secondary flow regions and heat transfer, the
suction side trailing edge turbulence transition could not
be evidenced. High-fidelity secondary flow simulations of
the vane cascade passage are rare due to the high cost and
lack of experimental data. A shape function and cooling
hole positions were optimized from an efficient turbine
endwall cooling by multi-fidelity simulations. The size and
strength of the vortex and hence the endwall heat transfer
were over-predicted by the Reynolds-averaged Navier—
Stokes (RANS) models and hence periodic corrections and
improvements are inevitable. The Rey_, model can utilize
only the local information and correlations of experimental
data that cause the transition.

The Rey.,, transition model accurately predicts boundary
layers of bound and leniently parted in the zone of
transition, while its correctness lowers for densely parted
flows. To enhance the forecast of the accomplishment at
the design scale, at which laminar as well as turbulent
flow zones frequently exist concurrently on the vanes,
two models viz., the SST eddy-viscosity turbulence model
which takes care completely the transition of flow, and the
Rey.,, transition model which solves for predicting flow
transition are used together. The fresh turbulence closure
integrates the advantages of both models exercising an
approach of additive hybrid filtering. This combination
model has several relatively minor variations in the
eddy-viscosity definition that employs the rate of strain
alternately with the vorticity magnitude. This procedure has
the prospective for correctly securing densely parted layers
of boundary in the transitional span of Re at a judicious
calculation expense. The transitional hybrid approach
secures the physics analogous with a parted wake over a
span of Re 10 to 2-10° and is superiorly recommended in
securing accomplishment and flowfield characteristics of
engineering attraction than persisting turbulence models.
It leads to a reduction of the numerical uncertainty
(discretization errors) and the sharpest transition.

A linear vane cascade is simulated by Ansys Fluent!
with the RANS model combining SST eddy viscosity [23]
with the Reg_, model [24] for the flow field around the

I Fluent FLUENT User’s Guide, New Hampshire, USA,
FLUENT Inc., 2003. Available at: https://www.archive.org/details/
ANSY SFluentUsersGuide (accessed: 15.11.2023).
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Fig. 1. Schematic diagram of the linear vane cascade

blade with non-axisymmetric contouring of the endwall,
thermal exchange, and magnetic field. Two different
endwall shapes viz. flat and contoured (axisymmetric
convergent) designed for the first NGV were investigated
in this study. The computational domain has 16 % inlet
turbulence, 1.7-100 outlet Re, and 0.85 outlet Mach number.
The upstream purge flow is considered by the 42 cylindrical
cooling double-row holes with a diameter of 2.4 mm which
are located at 0.4 C,, upstream of the center passage vane
leading edge.

The mesh size of the CFD model (Fig. 2) used in
endwall contouring and magnetic field studies of turbine
blades depends on several factors, such as the vane
geometry, the flow conditions, the turbulence model used,
and the accuracy required in the simulation. A nested grid
is used for the vane surface proximity grid refining and
on the pressure surface as well as the boundary layer of
streamwise trajectory. Meshes of a structured nature were
created through Integrated Computer-aided Engineering
and Manufacturing (ICEM) CFD with low Re meshes with
nodes of 6-10° for the axisymmetric convergent contoured
endwall vane passage, and 9-10° for the coolant holes as
well as the plenum. For the locations of the boundary layer
of the wall, meshes were concentrated using a height of
1.5-10-3 mm for the first cell and a 1.15 expansion factor to
reproduce the flow evolution. The y+ value was maintained
lower than 0.8 on the endwall. Film cooling effectiveness
(FCE) spread around the vane leading edge on the
contoured endwall with 6-106, 9-106, 12-109, and 15-10°
grid points were compared at 2.5 % BR. The FCE value of
0.48 was unchanged when the grid number increased from
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Fig. 2. Mesh details of the contoured vane endwall

12100 to 15-106. The mesh size was fine enough to resolve
the layer of boundary adjacent to the blade surface and
the turbulence structures in the flow field and consistent
throughout the domain. Grid-independent endwall film
cooling effectiveness was evident with a 12106 mesh size.
The Root Mean Square (RMS) error in the predictions is
9 %. Convergence is checked with the RMS below 10-¢
upon termination after 2400 iterations.

Conditions of adiabatic and no-slip wall boundary
had been assigned with respect to the holes as well as the
plenum of coolant. The coolant temperatures were set as
298 and 295 K. The near endwall film flow temperatures
are equal to the adiabatic wall temperatures. A uniform
wall temperature of 300 K was applied. Periodic boundary
conditions were assigned over the computational domain
boundary towards the pitch-ward direction to simulate
periodic flow or temperature fields in the computational
domain. A thin Blasius boundary layer is imposed at the
inlet with Re, = 2-105. Consistent Neumann boundary
conditions to the velocity, temperature, and pressure fields,
and No-slip boundary conditions to the vane and endwalls
are imposed. Uniform heat flux to the vane, endwall heating
condition of the leading edge, and an adiabatic condition at
its upstream are provided. Pressure—velocity coupling using
a pressure-based method was used.

Film cooling introduces a cooler secondary fluid onto
the external surface of a component to shield it from high-
temperature gases by creating a thin protective layer that
reduces heat transfer and prevents direct contact with
hot gases. The coolant mixes with the boundary layer
without significantly increasing turbulence or entraining
additional hot freestream gas. The Nu and the effectiveness
of adiabatic film cooling (1) with respect to the endwall are
found utilizing the following equations:

h.C
Nu = .
k
Taw,cl - Taw,c2
" Tcl - Tc2 .

Here, £, is the Heat Transfer Coefficient (HTC), C'is the
NGV chord length and £ is the thermal conductivity. The
adiabatic wall temperatures, 7, .1, and T,,, ., are at the first
(T,,) and second (7,,) coolant temperatures.

The heat transfer coefficient is defined as the coefficient
of proportion, connecting the heat flux as well as the

thermodynamic operating force for the heat flow.
h=q/AT,

where ¢ represents the heat flux or thermal power in an area
of unity and AT is the temperature deviation connecting the
surface of the solid and the adjacent area of fluid.

Reynolds number (Re) is defined as the fraction of
forces of inertia to viscosity inside the fluid, which is
amenable to comparative inner motion owing to various
velocities of fluid.

Re = pul/y,

where p represents the fluid density, u denotes the speed of
the flow, L represents the specific length, and p denotes the
fluid dynamic viscosity.
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The Hartmann number (Ha) is the ratio of
electromagnetic force to the viscous force.

(¢}
Ha=BL\/2
n

where B denotes the intensity of the magnetic field, L
represents the specific length, o denotes the electrical
conductivity, and p represents the fluid dynamic viscosity.
The Net Heat Flux Reduction (NHFR) denotes an
absolute appraisal of the endwall thermal load and is
estimated using the FCE and HTC (%) as follows:

NHFR =1 —h/hy(1 —no),
(P=TOO_TC/TOO_TW’

where £ denotes heat transfer coefficient without
film cooling, @ represents the effectiveness of cooling
on an overall basis denoted by non-dimensional metal
temperature, 7, is the freestream temperature, 7. is the
coolant temperature and 7, is the wall temperature. For a
turbine vane with film cooling, its value is set as 1.6 [25].

The Total Pressure Loss Coefficient (TPLC) is a
measure of acrodynamic performance and is calculated as
the fraction of the total pressure drop by the variation in
static and incoming pressure. TPLC with coolant blowing
are:

7l i,
—Pt,cin + fpt,m _Ptlf'
m+m,,
Pt,m - Pf

L+mm

m
TPLC =

Coolant mass flow rate is denoted 1., mainstream mass
flow rate 71,,, coolant inlet total pressure P, ;,, mainstream
total pressure P, ,,, mixed flow total pressure P, ;and mixed
flow static pressure P No slot leakage is seen with a zero
value of 71,.

The Cy, is formulated [26] as:

2 2

_ VSL’C + Vr
ske — >
Vin

>

where:

V.

sec VSil’l((l - Otmid)’
V represents absolute velocity concerning secondary,
relative reference, and inlet. a,,;; is substituted with the
angle of flow at the exit denoted as a by its scalar mean.
A comparison with the experiment measurements
[27] provided a good agreement at a Mass Flux Ratio
(MFR) of 2.5 along the middle pitch for axisymmetric
convergent contoured endwall Nu distributions (Fig. 3). An
enhanced thermal exchange is not well forecasted owing to
the impact of the HV leg concerning the suction surface.
A deterministic unsteadiness might also contribute to the
measured turbulent kinetic energy since the HV has a
bimodal nature. This concentrated turbulent kinetic energy
might have resulted in the gradients of heat transfer. The
numerical predictions in general show a good agreement
with measurements in trend, the magnitude has differences
concerning upstream locations of the vane leading edge

2100

-l Bai et al., 2022
—-@- Present study

§ 1700

1300

0 0.4 0.8
x/C

Fig. 3. Validation of Nu at MFR 2.5 along the middle pitch for
contoured endwall

(x <0). The maximum prediction error is less than 19 %
in the whole vane passage (0 <x/C,, < 0.65 C,,) and
less than 1.24 % downstream of the vane passage throat
(x>0.65 C,,). This prediction error might be caused
by the surface roughness in the original measurements,
(but treated as a smooth one in simulations) as well as
the insufficient prediction of endwall secondary flows. In
general, the present numerical method is reliable. It can be
used to investigate the impacts of axisymmetric convergent
contouring and BR on film cooling as well as the associated
phantom cooling distributions on the endwall, turbine stage
efficiency, heat transfer, and aerodynamic performances
of the vane pressure side. Several authors reported the
existence of maximum prediction error in a contoured
endwall to the tune of 20 % and an extreme deviation,
especially in locations having elevated skew (greater
than 70 degrees) as well as adverse gradients of pressure
downstream of HV separation and reattaching flow due to
adequately capturing the physics of complex flow [27].

Results and discussion

The secondary flow patterns can be further modified
due to the interaction between the magnetic field and the
electrically conductive fluid in the blade. By increasing
the heat transfer, the MHD effect can help to reduce the
temperature of the blade, leading to the thermal stress
lowering and extending the lifespan of the blade. The
increased heat transfer can be used to improve the cooling
effectiveness of the blade, which can help to prevent
thermal damage and improve the overall performance.

Impact of magnetohydrodynamics on Pitch-
averaged endwall film cooling effectiveness

To quantify the film cooling benefit for the entire
endwall surface, pitch-averaged endwall film cooling
effectiveness, 1 for non-axisymmetrically contoured
endwall at MFR 1.5 % is depicted in Fig. 4. The endwall n
rapidly increases (1.2 to 2.3 %) as Ha increases from 25 to
75, because the HV is suppressed by the high momentum
coolant. As the Ha increases from 75 to 100, a reduction in
endwall m is observed (almost equal to or lower than that
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for Ha 25). The non-axisymmetric convergent contouring
is beneficial for the endwall n, but the level of benefit is
significantly affected by the Ha. The level of benefit first
increases then decreases with the increasing Ha, and the
maximum increase (2.3 %) is noticed around the vane
leading edge at Ha 75. Elevation of the endwall-specific
thermal load because of the coolant jet merging is evident
in contoured geometry with the MFR 0.5 and 1.0 %. But
the zone is migrated further downstream than in the flat
endwall. An elevated flow rate of coolant markedly lowers
the thermal load adjacent to the upstream location and
the leading edge for the contoured endwall with an MFR
of 1.5 %. At elevated MFR, superior cooling is achieved
adjacent to the region of stagnation of the leading edge.
The coolant spread in the direction of the mainstream is
not elevated much for MFR 1.5 % in comparison with
1.0 % because of the coolant lift-off from the endwall.
The Nu contours for MFR 1.5 % with extremely elevated
zones of heat transfer corroborate this behavior and might
be because of higher turbulence amalgamation of coolant
and mainstream. In the case of the contoured endwall, the
spread of coolant film is much more elevated over the
airfoil suction side in the streamwise direction than the flat
endwall for elevated coolant MFR. This phenomenon might
be because of the adherence of the coolant with the endwall
by the impact of contouring at the passage downstream
with not much influence of the secondary flow. At 1.5 %
MEFR, the flat endwall has slightly elevated effectiveness
at the leading-edge forepart. But the contoured endwall
has markedly elevated effectiveness at the leading-edge
forepart at 0.5 and 1.0 % MFR.

Impact of magnetohydrodynamics on thermal
exchange

As the Ha magnetic fields are elevated in the range of
25-75, a significant diminishing impact on endwall Nu
in turbine blades is noticed to the tune of 1.3 % to 2.3 %
(Fig. 5). The magnetic field acts to suppress the turbulence
in the flow near the endwall leading to a more laminar
flow regime and diminished Nu. However, high Hartmann
number magnetic fields can also lead to increased pressure
drop and flow resistance, which can reduce the gross

B Ha=0

@ Ha=25
—9— Ha =50
e Ha=175
—A— Ha=100

0.43

=

0.39

0.35

0 0.4 0.8
x/Chy

Fig. 4. Impact of magnetic flux on Pitch-averaged endwall film
cooling effectiveness at MFR = 1.5 %

productivity of the turbine blade. When Ha is enhanced to
100, the reduction in Nu is lowered to 1.2 % (lower than
that at Ha 25). Therefore, Ha 75 has an optimal magnetic
field strength that diminishes the Nu while minimizing the
associated losses. Increasing the Hartmann number from
0 to 75 resulted in an approximately 2.3-fold decrease in
the Nu on the endwall of a turbine blade. As the Hartmann
number increases, the magnetic field becomes stronger
and can suppress turbulence in the flow leading to a more
laminar flow regime. Increasing the Hartmann number to
25 can result in the formation of multiple vortex structures
including Dean vortices and counter-rotating streamwise
vortices. These vortex structures can enhance heat transfer
near the endwall by promoting the mixing of the fluid
and increasing the convective HTC. The augmentation in
thermal exchange near the vane edges results in a more
uniform distribution of heat transfer along the endwall,
which can help to reduce hot spots and prevent thermal
damage to the blade being beneficial for improving the
overall performance of turbine blades.

Impact of magnetohydrodynamics on net heat flux
reduction

A non-axisymmetrically contoured endwall significantly
augments the NHFR when the MFR is greater than 1.0 %
leading to a diminished heat load on the endwall than a
flat one. An elevated NHFR explains a lower heat load
on the endwall. The NHFR has the main gain from the
lowering of heat transfer than the augmentation in film
cooling at MFR 0.5 % and hence the NHFR enhancement
is not very beneficial. At MFR 1.0 %, an endwall with a
non-axisymmetrically contoured geometry considerably
enhances the NHFR at an axial coordinate/axial chord
length, x/C,,, < 0.65 with a still elevated value upstream.
A 1.5 % contouring amplitude achieves the highest NHFR
throughout the endwall and might be due to augmenting the
FCE and lowering the rates of heat transfer. At x/C,, <0.65
with MFR 1.5 %, the NHFR gets augmented continuously
for a non-axisymmetrically contoured endwall. The peak
NHEFR is accomplished at almost all endwall locations with
a 1.0 % amplitude of contouring. The NHFR at the endwall
front gets lowered with the escalation of the amplitude of
contouring.

1500

3 1100

700

0 0.4 0.8
x/Chy

Fig. 5. Impact of magnetic flux on Nu at MFR = 1.5 %
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Adiabatic cooling effectiveness is more on endwall
with contoured geometry than that with flat geometry at
similar MFR. Since the contoured endwall has a wide area
for cooling, the enhanced cooling performance benefit in
the passage vanishes. However, the impact of effectiveness
enhancement in adiabatic cooling is higher, compared to
the area change, leading to a lower endwall net heat flux in
comparison to that in the passage, when MFR > 1.625 %.
The marked augmentation in NHFR (Table) at the endwall
of non-axisymmetrically contoured geometry with the
introduction of magnetic flux from Ha 25 to 75 at MFR
1.5 % is the outcome of diminishing the strength of the
vortex in the passage by beneficially dominating the
secondary flow as well as by lowering the cross-passage
flow gradients and the competency of the coolant film in
penetrating far up to the trailing edge. The drop in local
HTC at augmented pressure side NHFR recorded a range
of 1.6% to 2.63 % at Ha 25 to 75 and a further drop to
1.05 % at Ha 100. The current study thus established the
optimal magnetic intensity as Ha 75. The effect of the
dissemination of coolant film is thus dominating towards
the platform suction surface as well as towards the slot
stagnation region downstream. An enhanced overall Nu is
found at MFR 0.5-1.0 % with the non-axisymmetrically
contoured endwall, marked augmentation in NHFR can be
acquired since the FCE is elevated than the flat endwall.
At 1.5 % MFR, the performance of a contoured geometry
is higher as coolant film adheres with the surface by
contouring, and for flat geometry, jet lift-off takes place.
A contoured geometry considerably augments the endwall
NHFR airfoil (averaged crosswise at the direction of
length) at MFR >1.0 %. Hence, a contoured geometry can
lower the endwall heat load than a flat geometry.

Impact of magnetohydrodynamics on aerodynamic
performance

Fig. 6 shows TPLC derived with the mean mass flow
at MFR 1.5 % and x/C,, 1.25 in the passage of non-
axisymmetrically contoured endwalls subjected to magnetic
fields. The contoured endwall passage revealed elevated
aerodynamic performance with lower TPLC values at the
MFR of 1.5 % upon the introduction of magnetic flux.
The TPLC derived with the mean mass flow of passage
showed an identical tendency with magnetic flux. As Ha
rises, TPLC lowers first, becomes stand still for a while,
and rises for an elevated Ha of 100. At MFR 1.5 % for
contoured endwall, passage possesses inferior acrodynamic
losses from Ha 25 (1.24 %) to 75 (2.23 %) compared to
elevated Ha, with hot gas ingression. Hence, Ha 75 is the
optimal magnetic field strength noticed in this study. The
lower TPLC derived with the mean mass flow is because
of the weakening of vortices at the leading edge upstream
by coolant injection. When MFRs as well as momentum
fluxes of coolant injection are elevated, new vortices

TPLC

0.044 - lnrHa=0
lg Ha=25
1T =
- fpHa=75
III o
N III
0 -

x/Chy

Fig. 6. Impact of magnetic flux on TPLC atx/C,, = 1.25,
MFR=1.5%

develop in the upstream location and aerodynamic losses
are elevated.

Secondary kinetic energy coefficient at exit

The loss coefficient is an assessment of the depletion
of aggregate energy at the turbine downstream flow exit,
while Cy,;, represents unavailable kinetic energy at the
flow exit. Therefore, Cy, is a component measure of the
kinetic energy of flow and assesses the anticipated losses
due to secondary flow at a specific position and never a
replacement for loss. The experimental results concerning
flat endwalls had elevated C;, values at the tip position.
The association between the calculated and simulated Cy,
values is outstanding with the exclusion of the findings of
the Baldwin-Lomax model [28], with no purpose to acquire
perfect vorticity of the flow. The magnitude of divergence
between the various shapes of endwalls is five-fold higher
in the case of C,, in comparison to the diversification
with respect to the loss coefficient and hence adjudged as
the highly validated physical parameter in a flow field to
estimate the prospective loss arising from the secondary
flow [29].

The non-axisymmetric endwall shape developed for the
turbine has strongly lowered exit secondary kinetic energy
up to 36 % and 47.4 % for 15 % and 20 % span than the
flat endwall. Cy;, slowly reduces as the span increases
from 2.5 % to 20 %. Thereafter it lowers rapidly with an
optimal span of 30 % and the lowest after a 40 % span. Cy,
is elevated alone consequent to the inception of endwall
contouring at lower thermal load and originates from the
enhanced vigor of the system of the HV. CFD, therefore,
can be utilized to forecast the effects of contouring of
endwall, amenable with C;, as the significant parameter

ske
demonstrated in the current investigation.

Table. Impact of magnetic flux on NHFR at MFR = 1.5 %

X/Cyy Ha=0 Ha=25 Ha =50 Ha=175 Ha =100
0 1.90 1.9300 1.9400 1.950 1.9200
0.65 0.04 0.0406 0.0408 0.041 0.0405
1 0 0 0 0 0
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Fig. 7. Comparison between contoured and flat vane endwall at
the exit for secondary kinetic energy coefficient

Conclusion

With the magnetohydrodynamic effect, a more uniform
distribution of heat transfer performance is achieved,
reduced hot spots and thermal damage, and improved the
critical component overall efficiency and lifespan. Non-
axisymmetric endwall contouring leads to improved net
heat flux reduction and aerodynamic performance. It has
the potential to reduce the separation bubble size on the
endwall of the turbine blade and can lead to the lowering
of turbulence and secondary flow, which in turn could
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AHHOTALUA

Bgenenue. I13BecTHO, 4TO B CHCTEMAaX M CETSIX AIEKTPOCHAOKEHUSI IIPUCYTCTBYET HH(POPMAMOHHEII curHai. Hammane
MHQPOPMAIMOHHBIX CHTHAJIOB B CHJIOBBIX DJIEMEHTAX CHCTEM M CeTeH 3JIeKTPOCHAOKEHUS (DIEKTPOTEXHUIECKOTO
CUTHAJIa) B COBOKYIHOCTH C Jpyroil nHpopmanueil mo3BoisieT N3BIeKaTb BTOPUUHYI0 HHPOPMAIMIO U3 CHCTEM
U ceTell dIeKTpocHadKeHHs. B HEKOTOPBIX ciydasx HHGOPMALUs TaKOro poja sBISETCS KOH(QUACHIUATBHOM,
MMEET BBICOKHI yPOBEHb 3HAYMMOCTH, @ OOBEKTBI AMEKTPOCHAOKEHHSI MOTYT OTHOCUTHCSI K 00BbEKTaM KPUTHUYECKOI
nHpopmannonHoil nHGpacTpykrypsl. Takum obpas3om, ayauT u obecrnedeHrne HHGOPMATMOHHON 0€30MaCHOCTH
CHCTEM U CeTell MeKTPOCHAOKEHHS PEICTABIAIOTCS aKTyalIbHBIMU. B 3TO# CBS3M BaXKHBIMU SIBIISIOTCS BOIPOCHI
BBISIBJICHHSI paHEe HE yUTEHHBIX KaHAJIOB BO3MOXHOU yTEUKM KOH(OUICHIHAILHOH MH(MOPMAINH, pa3paboTKu
METOZ0B OECKOHTAaKTHOTO MOHUTOPHHTA NH(OPMAIIMOHHOIT 0€301acHOCTH 00BEKTOB TeHEPAIHH, TPAHCIIOPTUPOBKH,
Tpanchopmamu u notpedieHus mekrporneprun. Meroa. [Ipeioxen MeTos pemenys 00paTHO# 3a1a4y BEIYUCICHHS
TOKOB MHOTOIPOBOJHBIX JUIMHHBIX JIMHUIT HA OCHOBAHMN OECKOHTAKTHOTO M3MEPEHHUs] MarHUTHOTO TI0JIsl TOKOB C y4E€TOM
NPUHIKMNA HaJoKeHus. [l1s peasn3anuy MeToa B IpUMEHEeHHH K Q-TIPOBOAHOM JIMHUU TpeOyeTcsi OTHOBPEMEHHOE
U3MEpEeHNe MarHUTHOTO MO B () Pa3IMYHBIX TOUKAX C W3BECTHBIMHU KOOpAMHaTaMH. Taxske TpeOyeTcst 3HaHHE KOOPAUHAT
MPOBOJIOB JUIMHHON JNMHUH. ['eoMeTpruecKkre N3MEpeHus MPeIaraeTcsl pealn30BeIBaTh C TOMOIIBIO Ta3€PHBIX
JaTbHOMEPOB MK ckaHepoB. [Ipn m3MepeHnn MarHUTHOTO TMOJS ATHHHON JTWHUM YIUTHIBACTCS KBA3UIIOCTOSHHAS
COCTABIISIOMIAS MAaTHUTHOTO 1oJst 3emutn. [Ipeutosken MeTox OnpeieNleH s HallpaBIeHUs ¥ 3aePiKKN OTPasKeHNUS
Oerymyx BOJH B JUIMHHOM JIMHUM Ha OCHOBAaHWY MH(OPMAIINH € ABYX AATYMKOB MAarHUTHOTO MOJIS, Pa3MENIeHHBIX Ha
JIOCTaTOYHOM PACCTOSTHUU APYT OT JIpyra BAOJIb THHUH. OCHOBHBIE Pe3yJbTaThl. [IpeaiokeHbl MeTOIbI 00eceueHH s
ayuTa 1 MOHHTOPHHIA COCTOSHUSI CUCTEM U CETeH DIEKTPOCHAOKEHNUS, HAXOAAIIMXCS 1101 BO3ACHCTBHEM yIrpo3
HapyLeHus HHPOPMAIMOHHOI 6€30MacHOCTH. BBINOMHEHO MaTeMaTHYeCKOe MOJISTMPOBAHHE MTPEITI0KEHHOTO METO/1a
0ECKOHTaKTHOTO U3MEPEHUsI TOKA B ATMHHOM JIMHUH U HATypHbIE KCIIEPUMEHTHI H3MEPEHUSI TOKA B JNTMHHOM JIMHUH 1
perucTpanuu 6erymmx BoiH. Pe3yabTaTsl SKCIEPHIMEHTOB MTOKA3aIl TOUHOCTh MPEATaraéMbIX METOA0B JOCTATOYHYIO
JUIS pelIeHHs MOCTaBIeHHBIX 3a1ad. O6cy:xaenne. Pabora pa3BuBaeT MpeACTaBICHHE O METOAAX M CPEIACTBAax
obecrieueHns ayuTa 1 MOHUTOPHHTa HH(POPMAIIOHHOI 0e30ITaCHOCTH NIEKTPHIESCKUX CHCTEM M ceTeil. Pe3yasrarTs
paboTHI TTO3BOJISIIOT BEISIBISITH HOBBIC, PaHEe HE YUTEHHBIE KaHAIBI YTEUKH NMHPOpMANnU U pa3padaTbiBaTh HOBBIE
0ECKOHTAKTHBIE METO/IbI PETHCTPANK HH)OPMAMOHHBIX CHTHAJIOB B JIMHUSX AJIEKTPOINepeIaun.
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Abstract

It is known that there is an information signal in power supply systems and networks. The presence of information
signals in the power elements of power supply systems and networks (electrical signal) in combination with other
information allows extracting secondary information from power supply systems and networks. In some cases, this
kind of information is confidential, has a high level of significance, and power supply facilities may belong to critical
information infrastructure facilities. Thus, auditing and ensuring information security of power supply systems and
networks seem relevant. In this regard, the issues of identifying previously unaccounted for channels of possible leakage
of confidential information, developing methods for contactless monitoring of information security of generation,
transportation, transformation and electricity consumption facilities are important. A contactless method for recording
and calculating spurious emissions in established operating modes and during transients in long lines is proposed by
solving the inverse problem of calculating the currents of multi-wire long lines based on measuring their magnetic field,
taking into account the principle of superposition. To implement the method in application to a O-wire line, simultaneous
measurement of the magnetic field at Q different points with known coordinates is required. It also requires knowledge of
the coordinates of the wires with the length of the line. Geometric measurements are proposed to be implemented using
laser rangefinders or scanners. When measuring the magnetic field of a long line, the quasi-constant component of the
Earth’s magnetic field is taken into account. A method is proposed for determining the direction and delay of reflection
of traveling waves in a long line, based on information from two magnetic field sensors located at a sufficient distance
from each other along the line. Methods are proposed to ensure the audit and monitoring of the state of power supply
systems and networks that are under the influence of threats to information security violations. Mathematical modeling
of the proposed method of contactless current measurement in a long line and field experiments of current measurement
in a long line and registration of traveling waves are performed. The experimental results show the accuracy of the
proposed methods sufficient to solve the tasks. The work develops an idea of methods and means of ensuring audit
and monitoring of information security of electrical systems and networks. The results of the work make it possible to
identify new, previously unaccounted for channels of information leakage and to develop new contactless methods for
registering information signals in power transmission lines.
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BBenenue

B psne nccnemoBanwmii [1, 2] mokasaHo, 94TO B cHCTe-
Max U CeTSX DIEKTPOCHAOKEHHUs IPUCYTCTBYET UHOP-
MalMOHHBIN CHUTHAJ, HA3BAHHBIM HU3KOIHTPOTIUUHBIM.
Hu3k0o3HTpONUNUHBINA CUTHAI OIPENEIAeTCs KaK CUTHAJ,
3aBUCAILUMI OT BPEMEHU U UMEIOLIUNM Majoe 3HAa4CHUE
CTaTUCTHYECKOTO IoKa3zareist — koddduiuenra Bapua-
oenpHOCTH [1]. CTOYHUKOM HU3KOIHTPOIHITHOTO CHT-
HaJa SIBIISIIOTCS] TEHEPaTOPhl AMEKTPUUECKUX MOIIHOCTEN.
Kpome HU3KOHTPONMIHOIO CUrHaja, XapaKTepHOTO ISt
YCTOSIBITUXCS PEKUMOB PabOTHI IICKTPUUSCKUX CHCTEM
U CEeTeH, B HUX MEPUOANYECKH MIPUCYTCTBYIOT CUTHAJbI C
BBICOKOH 3HTPOIMEN, CBOMCTBEHHBIE NIEPEXOAHBIM IIPO-
1eccam, B pe3ysbTare COOCTBEHHBIX (KOMMYTAIINH B AJICK-
TPOCETH) W BHENIHUX (B BHIEC MOJHHUEBBIX Pa3psIoB B
AJIEMEHTHI AIEKTPOCETH ) Bo3aeicTBUi. HaBeneHHbIE TOKH
1 COOTBETCTBYIOIIIME UM CUTHAJIBI TAKXKE MOTYT BBI3BIBATH
MaruutHble Oypu [3]. CoBoKynmHOCTh Bcex MH(pOpMaLH-
OHHBIX CUTHAJIOB, MPUCYTCTBYIOUIUX B 2JIEKTPUUECKUX

CeTsIX, MPEe/UIaraeTcsl Ha3blBaTh AJIEKTPOTEXHUYECKUMHU

cur"anamu [1].

Hanuue nHpOpMAaIMOHHBIX CUTHAJIOB B CHJIOBBIX JJIe-
MEHTaX CHUCTEM U CeTell AIEKTPOCHAOKEHHUS 1aeT MPaBO
YTOYHUTH Ha3BaHHUE TAKUX YHEPTCTUUCCKUX CETEH, Ha3bIBas
UX YHEProrH(OPMAIIMOHHBIMHU.

DIeKTPOTEXHUUECKUN CUTHAI SIBJISIETCS HCTOUHUKOM
cretyronieit nHdopmalu, KOTopyro Oy/ieM Ha3bIBaTh Mep-
BUYHOM:

— Ka4eCTBO M COOTBETCTBUE TPEOOBAHUSIM CTAHIAPTOB
CEeTH TI0 YacTOTe, aMIUIUTYye U GopMe (JUCITy U pac-
Mpe/eNICHUI0 TAPMOHUYECKUX KOMIIOHEHT B COCTaBe
CIICKTpa CHTHAJIA), Pa3HOCTH (pa3 TOKA U HANPSHKCHHUS,
pasHocTH (a3 B (pasHBIX MPOBOIHUKAX;

— TepeaaBaeMble M MOTpeOIIsieMble MOLIHOCTH;

— pacrnucaHue U SHEPreTHUECKUE PEKUMBI pabOThl CH-
CTEM I'eHepalnu, nepeadn, TpaHchopMaluy 1 moTpe-
OJICHUS HIEKTPUUECKIX MOITHOCTEH;

— HaJWYUe HEOJHOPOIHOCTEH [UTMHHBIX JIMHHIA, 00YCIIOB-
JICHHBIX HECOTIAaCOBAHHOCTHIO BOJIHOBBIX, HAIPY30U-
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HBIX CONPOTHBIICHUH U CONPOTUBIICHHUI T€HEPUPYIOIINX

HCTOYHHKOB;

— HanpaBJIeHHE PaCIpPOCTPaHEHUs OETYIINX BOJIH, KOA(]-
(unrenHTs! 3aTyxaHus U Gasbl, yIaJIeHHOCTh OT MECTa
M3MEPEHUS TOUEK OTPAKCHUS U TIEPEOTPaKEeHHUs Oery-
IIIX BOJH.

AHanm3 3IeKTPOTEXHNUECKOTO CUTHANIA B COBOKYITHO-
CTH ¢ HHpOpPMALHel 0 BUIE U HA3HAYCHUH TPOMBIIUICHHBIX
MOTpeOUTENCH, THUTIE DTIEKTPUUECKIAX CTAHITUH, TIOICTAHITUI
TpaHchopMauu U Tp., MO3BOJIAET U3BICKATH BTOPUIHYIO
UH(OPMAIIUIO M3 CUCTEM M CETCH 3JIEKTPOCHAOKEHHUS,
HalpuMep, 0 pexKUMax paboThl, TeHEPUPYEMBIX, TOTPeOIIs-
eMBbIX, TpaHC(HOPMUPYEMBIX W/WIIN NEpeaBaeMbIX MOIII-
HOCTSIX, 3HAUUMOCTH TE€X MJIHM HUHBIX 3JIEMEHTOB M Y3JIOB
CHCTEM JJICKTPOCHAOKEHHUS JJIsl XO3HCTBEHHON JIesATElb-
HOCTH U 00OpPOHOCIIOCOOHOCTH. B HEKOTOPBIX cirydasx
nH(POPMALIUS TAKOTO PoJia ABISIETCS KOH(DUICHIINAIEHOMU,
MMeeT BBICOKUI YPOBEHb 3HAYMMOCTH, @ 00BEKTEHI, C AJICK-
TPOCHAOKEHNEM KOTOPHIX CBSI3aH DIEKTPOTEXHUIECKUN
CHUTHAJI, MOTYT OTHOCHUTKCS K 00BbEKTaM KPUTHIECKON WH-
bopmannonnoii uadpacrpykrypsi! (KUN).

BcenencTBue Toro, 9YTO B CHIIOBBIX y3JIaX CHCTEM H
CeTell AIeKTPOCHAOKEHHS IUPKYJIUPYIOT 3HAYUTEIbHbIC
TOKH IIPU BBICOKHX YPOBHSIX HalpsDKEHUI, 4acTh mepe-
YHCIIEHHOH MH(OPMAaMK MOXKHO M3BJIeYb OECKOHTAKTHO,
Ha yJaJI€HHOM PACCTOSIHUU OT CHUJIOBBIX TOKOBEIYIUX
9JIEMEHTOB 32 CUET BO30Y’KIaeMOT0 IEKTPOMAarHUTHOTO
0TS, 3HAUUTENIBHBIC MAaCIITa0bI PaCIpe/IeIICHHBIX CHCTEM
U CceTel MEeKTPOCHAOKEHHS CIIOCOOCTBYIOT UX JEMAaCKH-
POBKE U TIO3BOJIAIOT TTONYYaTh WH(OPMAIHIO BU3YaIbHO.
Tak, HarIpuMep, B CITydae NCIOTb30BaHHS BO3IYITHBIX JTH-
Huil anexTponepenadn (JISIT) HanpspkeHne mepenaBaeMoit
AIEKTPOIHEPTUN MOKHO TOCTATOYHO TOYHO OMPEICIIUTH
10 TUITY U YHUCITy M30JIATOPOB B TMPIISIHJIE, THUITY HCIIOb-
3yeMOM JIMHEHHON apMaTypbl, HAUIMYHIO U YUCILY KU B
pacIEIIEHHOM ITPOBO/IE, THITY OIOP, PACCTOSHUIO MEXTY
(asusiMu ipoBogamu [4]. Kapruposanue JIDII mo3sosnser
Jienath 000CHOBAHHBIE TIPE/IIIONIOKEHHS U BBIBOJIBI O TEp-
PHUTOPHAIBHOM PacIOIOKEHUH OTpeOUTENeH 1 HCTOUHH-
KOB 3JICKTPOIHEPTHH, HATMYUN PE3EPBUPOBAHUS MUTAHUS
u 1p. [TogoOHast nHbpOPMAIUS MOKET HMETh OCOOCHHOE
3HAUCHUE B TICPHO]] BEPOSITHOTO (PH3MUCCKOTO BO3ICHCTBHUS
Ha JIEMEHTHI U y3ITbI CUCTEM H CETEeH dJIEKTPOCHAOKCHNS,
HalpuMep, B KPUTHICCKUX CUTYAIUAX, CBA3AHHBIX C MX
LIeJICHATIPABICHHBIM BBIBOJIOM H3 CTPOSL.

B pesynbrare ananuza paboT [5—7] MOXKHO caenaTh
BBIBOJI O 3HAYMMOCTH MOHUTOPHUHI', ay/IUTa K 00ECTICUSHHs
uHpopmanronHoi 6ezonacHoctu (MB) anekrpuueckux
CHCTEM U CeTei.

B Hacrosinieid paboTe paccMOTpeHBI BOIPOCHI pa3pa-
OOTKM METO0B OECKOHTAKTHOTO MOHUTOPHHTA M BBISB-
JICHUsl paHee HEe YUTEHHBIX KaHAaJIOB BO3MOXKHON YTEUKH
KOHQUICHINAIBHON MHpOpMAIUu s oBbimeHus b
00BEKTOB TeHEPAINH, TPAHCTIOPTHPOBKH, TpaHCHOPMALIUT
W TIOTPEOICHUS SIEKTPOIHEPTHH KaK dJICMEHTOB U y3JIOB
AIIEKTPUYECKUX CHCTEM H CETEH.

I MeTonnyeckne peKOMEHIAINH 0 ONPEIETIEHUIO U KaTero-
PHUPOBAHUIO O0BEKTOB KPUTHUCCKON MH(POPMAITMOHHON HH(pa-
CTPYKTYpBI TOIUITMBHO-3HEpreTudeckoro kommiekca. M.: @CTOK
Poccun u Munsnepro Poceun, 2019. 39 c.

JTanbl ayiuTa 1 MOHUTOPHHTa HH()OPMALHOHHOH
0e30MacHOCTH CHCTEM U ceTeil 3JIeKTPOCHAGKeHU S

Ha ceropnsmnuii 1eHb CyIECTBYET HECKOIBKO OMpe-
JeneHuit TepmuHa ayauT B koHtekcre Ub. Hampuwmep, B
pabore [8] BBINOJIHEH CPABHUTENILHBIN aHAIM3 YETHIPEX?
onpenenenuii [9-10], Ha OCHOBaHHH KOTOPOTO OTJAHO
000CHOBaHHOE TIPEATIOUTEHHE CIIETYIOIIEMY OIIPEICIICHHUIO
(UCO 19011-2011): «Ayoum ungpopmayuonnou dezonac-
HOCMU — CUCTEMAaTUYEeCKHUH, HE3aBUCUMBIN U JOKyMEH-
TUPYEMBII IIpoLecC MOIydYeHus: oueHok cocTosHus Vb
00beKTa ayiuTa 1 0ObEKTUBHOTO UX OIICHUBAHUS C LIETIIO
YCTaHOBJICHHS CTEHICHH COOTBETCTBHSI KDUTEPHSIM ayJIUTay.
B HOBO# penakiuu craHaapra’ omnpenesicHue MOHSTHS
ayJuT cieaylomee: «Ayoum — CUCTeMaTH4eCcKnui, He3a-
BUCHMBIH 1 JIOKyMEHTUPOBAHHBIH IPOIIECC YCTAHOBJICHHS
O0OBEKTUBHOTO CBUJICTENIECTBA U €I0 O0BEKTHBHOTO OLICHHU-
BaHMS JUISI TOTYYEHHS CTCTICHN COOTBETCTBHS KPUTEPHUSIM
ayaAnTay.

CoBpeMEeHHBIE CHUCTEMBI U CETH 3JEKTPOCHAOKEHNUS
UMEIOT Pa3BUTYIO PACIPEIENICHHYIO CTPYKTYpY U yIpaB-
JSIOTCS. aIMUHUCTPATUBHBIMU CyOBEKTaMU I€HEpPaLnH,
TpaHCHOPTa, TPAaHC(HOPMAIMHU U TOCTABKH AJICKTPOIHEPTUH
KOHEYHOMY TOTpeOuTeN 0. MOHUTOPUHT U yIpaBleHHE
ANEKTPUUECKUMHU CETSIMH TPOBOJMTCS 33 CUET C1ab0TOu-
HBIX TIPOBOJIHBIX CETEeH M paJMOKaHaIOB MH(pOPMAIMOH-
HO-YIPaBISIIOIINUX ceTeil. 3HaunTeapbHasl 4acTh yIpaB-
JISIIOLIMX BO3JEHCTBUI B 3IEKTPOCETAX OCYLIECTBISETCS
TEXHUYECKHUM ITEPCOHAIIOM.

Aynut u Mmonutopusr b npousBonsTcs Ha OCHOBaHUU
TEeXHUYECKOTo 3ananus. [Ipemmaraemas mocie0BaTesb-
HOoCTh aynuta b cucrem m ceTelt anmexTpocHaOKESHIS
MpHUBECHA Ha pucC. 1.

C y4eTroM pacCMOTPEHHBIX MOTEHIUAIBHBIX KaHAJIOB
yTeuKkH UHPOPMAIMH U3 CHIIBHOTOYHBIX IeTeil cucTem
AMEKTPOCHAOKEHHMSI OITPEe/IeSTM 0a30BbI€ IPYIIITbI TOTCHIIN-
AJIBHBIX OOBEKTOB aTakK M MOTEHIMAIBHBIX KaHAJIOB yTEUKH
nHpGopMaImH.

[Tocie cOopa maHHBIX NEPBUYHOTO aHAIM3a pe3yJIbTa-
ToB aymuta UMb cuctem u cereil anekTpocHaOXeHMs po-
M3BOJUTCS X MHTErpasibHasi 00paboTKa M crucTeMaTu3a-
ust. Jlanee mpou3BOANTCS OLICHKA yIiepOa B pe3ynbrare
(hm3muecknx u WHGOPMAITMOHHBIX aTaK Ha OOBEKTHI WH-
(hpacTpyKTyphI MMEKTPUICCKUX CHCTEM U BEIPAOOTKA Mep
MPOTHBOJECHCTBHS YyTPO3aM BEPOSITHBIX aTaK U HA OOBEKTHI
HH(PACTPYKTYPBI JIEKTPHUESCKUX CUCTEM U ceTeil. Ha
3aKJIIOYMTENILHOM dTare ayanTta GopMHUpyeTCs epedeHb
MpeNMCcaHuii U PEKOMEH/IalNii, HAlTPABICHHBIX Ha TTOBbI-
weHue b u cHU)keHHe BEpOSITHOCTH peau3alii yrpos.
[Tpn HEOOXOAMMOCTH OCYIIECTBISIETCSI MOHUTOPHUHT pea-
JM3alUy TPeITMCAaHUN U PEKOMEHIalNi, HalpaBICHHBIX
Ha noBbleHre Vb 1 cHIKeHHE BEPOSITHOCTH peali3aium

yTpos.

2 AcraxoB A. Beenenue B ayauT HHPOPMAIIMOHHOHI Oe30mac-
Hoctu. Global Trust Solutions [DnekTporHbI pecypc]. Pexum
noctymna: https://globaltrust.ru/category/prezentaczii/page/7/,
cBOOOHBIN. SI3. pyc. (nara odpamienus: 10.10.2023).

3TOCT P HMCO 19011-2021. OueHka cCOOTBETCTBHS.
PykoBogsiiue yka3zaHust 10 IPOBECHHIO ay/IUTa CUCTEM MEHe/I-
skmenTa. Beeznen 07.01.2021. M.: Cranpaptuadopm, 2021. 49 c.
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ITocTaHoBka 3a0a91 U TECXHUYICCKOC 3a1aHUC HA ayAUT U MOHUTOPHUHT CEKTOPA CUCTEM U ceTeit
JNEKTPOCHAOKCHUS

v

v

BersBcHNE TPYNN M OTACIBHBIX KAHAIOB
HOTCHIHUATBHOH YTCUKH HH()OPMALHH

BeisBacHNE TPYNI M OTACIBHBIX 00BEKTOB
MOTEHIMATBHBIX aTaK

!

I'pynmbl 00BEKTOB MOTCHUUATBHON yTEUKU
na(popMaLUH

OOBEKTBI U CyOBEKTHI
AIMUHHCTPUPOBAHHS H
TEXHUYECKOT0 00CITY/KMBAHUS

CuoBsie ceTH

HWH(opMaIHOHHO-YIPABIIIOIIIE
cetu

KoHneunsle notpeduTenu

v

I'pynmer 005EKTOB MOTCHITHATHHBIX ATAK

OOBEKTBI U CYOBEKTHI
AIMHHHCTPHPOBAHUS U
TEXHUYECKOTO 00CITY)KMBAHUSI

CuyioBBIC CETH

HH(popMannOHHO-YIPABIIAIOIIIE
ceTH

Koneynsle norpedurenn

J3JICKTPOSHCPIUU QJICKTPOIHEPTUH
[ |
v
HHTCFpaJIbHaﬂ O6p360TKa U CUCTEMATHU3AINUA JAHHBIX IEPBUIHOTO aHAIN3A ayAUTa

Ouenka yuiep6a B pe3yapTaTe (PH3UUECKUX ¥ MH(DOPMALIMOHHBIX aTaK HA 00BEKTHI HH(PPACTPYKTYPBI
JMEKTPUICCKUX CHCTEM, OLICHKA COOTBETCTBHIO KPHUTCPHSIM ayAHUTa

v

BripaboTka Mep IPOTUBOACHCTBUS yrpo3aM BEPOATHBIX ATAK U HA 0OBEKTHI HH(PACTPYKTYPBI
3JICKTPHYCCKUX CUCTEM U CETCH

v

DopMHPOBAHUE NIPEANUCAHUN U PEKOMEHIALNH, HANIPABIEHHBIX HA noBbImeHue b u cHmkeHne
BEPOATHOCTH PEATH3ALHIHI YTPO3 aAMHHUCTPATUBHEIMHU CyOBEKTAMH I'€HEPALIUH, TPAHCIIOPTA,
TpaHC(hOPMALUHU U IOCTABKM 3JIEKTDOIHEDTHH KOHEYHOMY HOTDEOHTEITIO

v

CopelicTBHE 1 MOHUTOPHHT PEATH3ALNY TPEANUCAHUI U PEKOMEHJAIMH, HATTPABJICHHBIX HA MOBBIILICHUE
Wb u cHIKEHHE BEPOATHOCTH PEATH3ALHUU YTPO3

Puc. 1. O6mast mocne0BaTeIbHOCTh ayIuTa HHHOPMAMOHHON 0E30MaCHOCTH CUCTEM H CETEH TEKTPOCHAOKCHUS

Fig. 1. The general sequence of the audit of information security systems and power supply networks

OTMeTHM, YTO TEXHOJIOTHS ayiuTa ¥ MOHUTOpHUHTA [11]
MH(POPMAIIMOHHO-YNIPABIISIONIUX CETeH, JeHCTBYIOMNX B
COCTaBE CHUCTEM M CeTel JEeKTPOCHAOKEHHUSI MaJI0 YeM
OTIIMYACTCA OT ayJuTa U MOHUTOPHHIa IPOIUX l/IH(bOpMa-
LIMOHHO-YTIpaBIsitouX cereid. [logoOHbIe 3a1auu XOpOoIIo
npopaboTanbl! U pernaMeHTUPOBAHBIZ, IMEETCS T0CTATOY-
HOE YHCIIO METOJIOB ¥ CPEICTB MOM00HOTO aynuTa [ 12—14].
Wzy4yensl BOpOCH! ayauTa 00bEKTOB U CyObEKTOB aMH-
HucTpupoBaHus [9, 10] m TeXHUIECKOTO 00CITYKHBaHUSI.
AHanu3 ysa3BuMocTeill Ib BbICOKOYACTOTHBIX CUTHAJIOB,
TIEPEIATOIIUXCS TT0 CHIIOBBIM BBEICOKOBOIBTHBRIM JIDIT [15]
1 HCTIONB3YEMbIM VIS IEpEAadr COOOIIEHNH TeIeMETPUH 1
JMCTIETYEPCKOTO YIPABICHHS MEKTPUIECKUMHU CHCTEMaMHU
1 CEeTSIMU TaKXKe TpeOyeT OTIeIFHOTO aHaJIN3a, KaK C TOUKH

I Metonuaeckuii TOKyMEHT. Mepsl 3alIuThl HHOOPMAIIMH B
TOCYIapCTBEHHBIX HHPOpMAHOHHEIX cucteMax. M.: ®CTOK
Poccun, 2014. 176 c.

2TOCT P UCO/MIK 17799-2005. UupopmarmorHas Tex-
Hosorusl. [IpakTryeckue npaBuiia yrpasieHus! HTHPOPMaHOHHOM
6e3onacuocteio. Beenen 01.01.2007. M.: Cranpaprundopm,
2006. 62 c.

3penus b, Tak ¥ ¢ y4eTOM 2JIEKTPOMarHuTHONH COBMECTH-
MocTH [16]. ITpr 5TOM HM3KOYaCTOTHOM dIEKTPOTEXHUYE-
CKMI CUTHAJI, UMEIOIINI 3HAYUTENbHYIO aMILTUTYAY, XOPO-
10 OTJEJIMM OT BBICOKOYACTOTHOT'O CHTHAJA, UMEIOIIETo
0OBIYHO CYIIECTBEHHO MEHBIIYIO aMIUIUTYy. B acnekre
Wb oTaenbHOro pacCMOTPEHUS, BBIXOAMICTO 33 PAMKHU
HACTOSIICH pabOTHI, 3aCITy)KUBACT BHUMAHHS TEXHOJIOTHUS
HHTETPalii BOJIOKOHHO-OITHYECKOTO KaOelIs B IPOBOIHU-
ku JIDTI3, 0GBIYHO B TPO303aIUTHBIN IPOBO/I.

Amnanms npo6nemsr 1B mokasai, 94To ere HeZJ0CTaTOuHO
popaboTaH BOMPOC 0OECIIEUCHHUS ayIuTa 1 MOHUTOPHHTA
CHJIOBBIX CHCTEM U CETEH DIICKTPOCHAOKEHHS, ACHCTBYIO-
IIUX KaK IOJ] YIIPaBJICHUEM YHEPIeTHUECKUX MPEIIPUITUI
1 IOCTABIIUKOB 3JICKTPOSHEPIMU, TAK U TTOJ YIIPABJICHUEM
KOHEUYHOTo notpeduresiss. OCTaHOBUMCS J1ajiee Ha BOIIPOCE
00eCIIeYCHUs U TIOJICPIKKE ayIuTa © MOHUTOPHHIA CHJIO-
BBIX CHCTEM U CETEH 3JICKTPOCHAOKCHUSI.

3 BOJIC Ha BO3IYUIHBIX JIMHUAX JIEKTPONEpEnadn [DmeKT-
poHuHBIii pecypc]. Pexxum nocryna: https://www.ruscable.ru/
article/vols_na_vozdushnykh liniyakh elektropere, cBoG0aHBIi.
S13. pyc. (mara obpamenus: 10.10.2023).
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MeToanbl ACTEKTUPOBAHUSA IJICKTPOTCXHUYECKOI0
CUTHaJ1a

KoHnTakTHbIE METOIBI PErUCTPALMH NIEKTPOTEXHUYE-
CKOTO CHTHAaJla OCHOBaHBI Ha (PM3UYECKOM TTOIKIIOYCHUN
K CHJIOBBIM CeTsIM. [[pMeHeHne KOHTAKTHBIX METOJI0B
TpedyeT HEeMOCPENCTBEHHOTO TOCTYIA K dJIEMEHTaM H y3-
JIaM 9JIEKTPUYECKUX CUCTEM U CETEH, YTO SIBIIETCS Orpa-
HUYUBAIOIINM (DAKTOPOM, HAIIPUMED, TPU HEOOXOIUMO-
CTH MPOBEJEHUSI CKPHITOIO MOHUTOpPUHTA U aynuta. Jlis
KOHTAKTHOTO MOHHTOPHWHTA BIIOJHE MTPUMEHUMBI TIPUOO-
Pbl, UCNOJIb3yEMBIE MTPU TEXHUYECKOM MOHHTOPHUHIE U
oOcyXKuBaHHUU IEKTprueckux cereil. [locie mpoBepku
KOPPEKTHOCTH MOAKIIOUEHUS U aJIEKBATHOCTH TIOKa3aHUI
JUIsL QyAUTOPCKOTO MOHUTOPHUHIA MOXKHO MCIOJIb30BATh
IITaTHBIE TPUOOPHI, YCTAHOBICHHBIE B DJIEKTPHYECKUX
CUCTEMAX U CETSX.

BwmecTte ¢ TeM KOHTaKTHBIM METOAAM U3MEPEHUI CBOM-
CTBEHHBI OmpeeleHHbie HepocTaTku. CyliecTByeT He-
00XOIMMOCTh J0CTYIA K CHJIOBBIM 3JICMCHTAM M y3Jam
DIEKTPUUYECKUX cUCTeM U ceTeil. Heobxoaumo cormaco-
BAaHHUE BBIMOJIHEHUS U3MEPEHHUH ¢ aIMUHUCTPATUBHBIMU
U TEXHUYCCKUMHU CIYKOaMU JICKTPHUICCKUX CUCTEM U
ceteif. OTCYyTCTBYET BO3MOKHOCTE CKPBITBIX MTPHOOPHBIX
HU3MepeHuil.

beckonTakTHBIE METOIBI OCHOBAHBI Ha CYIIECTBYIOILEH
BO3MOKHOCTHU yAAJIEHHBIX U3MEPEHUN AIEKTPOTEXHUYE-
CKOI'O CUTHAJIa, & 3HAYUT, PEAOCTABISIOT BO3MOXKHOCTH,
HEJOCTYIHbIE KOHTAaKTHbIM MeToAaM. K HuM oTHOCUTCA
BO3MOYKHOCTH TIPOBOJIUTH HE3aBUCHUMBIN ayauT Oe3 corna-
COBaHMSI C AIMUHUCTPATUBHBIMHU U TEXHUUYECKUMH CITYK-
0aMu 3JICKTPUUCCKUX CHCTEM U ceTeil. beckoHTaKTHBIC
METO/Ibl TTO3BOJISIIOT MPOU3BOJUTH U3MEPEHHUS Ha 3HAYH-
TEJIHHOM YHAJIEHUU OT CHUJIOBBIX TOKOBEAYIIMX JJIEMEHTOB
JIEKTPUYECKUX CUCTEM U CETEH.

OT™MeTHM, 9TO OOJBIIMHCTBO TEXHUUCCKUX cpeacTB b
SIBIISIFOTCSI CPEICTBAMU JIBOMHOrO Ha3HaueHus. OHU MOTYT
NPUMEHSATHCS AJIs ayauTa U MoHutopuHra Mb, Ho Takxke
HCITONTB30BaThCS KaK CPeCcTBa WH(POPMAIMOHHON aTaku
JUTSA TIOY9eHHUS TOCTyTa K MHPOPMAITHH.

BecKOHTAKTHBIN IMCTAHIMOHHBIH MeETOX HM3Mepe-
HUIl TOKOB B YCTOSIBIIMXCSI peKMMax padoThl U NMPHU
MepexoHbIX mpoueccax. BekTop MarHuTHON MHAYKIUU
ot BpemeHn B, (7) B TOuke ¢ KoOpAMHATAMH (X, V,) ATISL
YEIMHEHHOTO [POBO/IA C TOKOM I,(7) M KOOpJMHATaMH OCe-
BOM JMHUH (X, V,) BBIYUCIUM € TIOMOIIBIO BbIPAXKCHU
[17]:

By (1) =XBy () ¥ ¥By (1) =
xcosb, , + ysinb, , (1

2n (\/(xp - xq)2 + (yp 7yq)2 )’

= (1)

rae | = [}y — abCoN0THAs MarHUTHAs IPOHULIAEMOCTD
cpelpbl; [l — OTHOCHUTEJIbHAS MATHUTHAS [IPOHULIAEMOCTD
cpelbl; |\ — MarHuTHAas IOCTOsHHAL; ¢, p = 1, ..., O —
LICJIOYHCIICHHBIC MHICKCBI; 6, , — MOJSPHBIA yroi, Xapak-
TePHU3YIOLINIT IIOJIOKEHHUE (X,,, V) OTHOCUTEIBHO (X4, V),
npuyeM (x,, y,) IPUHUMAETCS 3@ TOUKY, 4epe3 KOTOPYIO
MIPOXOAUT MOJISIPHAS OCh; X M Y — HAITPABJISIOLINE BEKTOPEI
o ocsim Ox 1 Oy.

Vicrionp3yst MpUHIIUIT HAJIOKCHUS! (CYTIEPIIO3UIINHT), B
ciyuae Q-niposopnoii JIDII, yunteiBas (1), moaydum BbI-
paxkeHue:

0
B, (1) = 21 B, (0. 2
-

Vcnonp3ys BeIpakeHue (2), mpeayaraeTcss METOJ pe-
IIeHUs cienyroneir oOpaTHOH 3agadn: MPU M3BECTHOM
3HAYCHUU MarHUTHOH WHAYKuHK B, (7) B p — ToUKax
(p.g=1, ..., Q), MOXKHO BBIYHCIUTE TOKH [,(f) B OTIEb-
HBIX NpoBoaHNKax QO-mpoBonaHoit JIDII. Jlns pemenus
oOpaTHOM 3aja4u 3alMIIeM CHCTeMY JIMHEHHBIX ajireopa-
nueckux ypasHeHuit (CJIAY) B MaTpuuHOM BHJE!

AI=B, 3)

xcosb, , + ysinb, ,

2n (\/(xp - xq)2 + Oy _yq)2
koo duuuenros CJIAY; B = B, (1) — BekTop MarHuTHOI
uHAyKuuy; 1= i (f) — BEKTOp TOKOB B OTACIBHBIX IIPOBO-
nqankax Q-niposonHoit JIDII. Pemenunem CJIAY (3) Oyner:
I=A"1B.

Jus pemerns CJIAY (3) u BBIYHCICHUS 3HAYCHUN TO-
KOB i,(f) B OTACIBHBIX MPOBOAHKKAX Q-npoBoaHoit JIDII
M3MEPHUM BEKTOpa MarHUTHON HHAYKIuK B,(f) B O pasmuy-
HBIX TOYKAX (X, ). JUIst BEIYHCIICHHUS 91IEMCHTOB MaTPHILIBI
A m3MepuM KoopauHaTy Q) TOYEK (X, V,) H KOOPAHHATY
TOYCK (X, V,), 4ePE3 KOTOPBIC HPOXOAAT () MPOBOLHUKH C
TOKaMmu i (?). lIponsBecTy Moxo0HbIC H3MEPEHNs € 10CTa-
TOYHO BBICOKOM TOYHOCTBIO BO3MOXKHO C ITOMOIIIBIO JIa3ep-
HOTO JaJIbHOMEpa WM CUCTEMBI JIA3EPHOTO CKAHUPOBAHMUS.
OmnpenenuTs HANPSDKCHUE B BO3AYIIHON JIMHHON JTMHUH
MOYKHO TI0 HAJIMYHMIO U KOH(PUTYPALUN PACIIEIUICHHOTO
MIPOBO/IA, TIO TUITY M YHCITY U30JIATOPOB B THPIISTHIIC.

Crnenyer OTMETHTb, YTO HAJIMYHE MarHUTHBIX HEO-
HOPOAHOCTEH cpeabl, Hanpumep pacnonokerue JIDIT mag
MOBEPXHOCTBIO 36MJIM HJIM BOJIBI, MOKET 3HAUUTEIHHO
HOBIHATH Ha ()OPMY MarHUTHOTO IOJIS, @ 3HAYUT, U Ha
TOYHOCTh U3MEpeHHi. B TakoM cirydae HeoOX0ANMO BHECTH
MONPABKK B 3HAUEHUs] MATHUTHOW MHIIYKI[UH, KOTOPbIE
MOYKHO OTIPEJIEITUTH C IOMOIIBIO MOJICINPOBAHUS KaPTUHBI
oJIsA, UCTOJIb3ys ypaBHeHUs Jlamnaca. JonogHUTENbHO
NOBBICHTb TOYHOCTb U3MEPEHHS TOKOB i,(f) B O IHHUSIX
IIPOBOJAHUKOB MOYKHO 32 CUET y4eTa KBa3UCTallMOHAPHOIO
BEKTOpa MarHUTHOM MHAYKIMA MarHUTHOTO TIOJIST 3eMIIH.
[Tpn mepeMeHHOM 3IIEKTPOTEXHUIECKOM CHUTHAJIE KOMIIO-
HEHTa MarHUTHOTO TI0JIs1 3€MJIN JIETKO OOHApyXKHMa Kak
MOCTOSTHHAS COCTABIISIOIIASL.

[Ipemmaraemsiit MmeToq 3 (HEKTUBHO MPUMEHHUM B yC-
JIOBUSIX, KOTJ]a CUTHAJI, 3@ CYET KOTOPOTO PETUCTPUPYETCS
marnutHoe noje JIDI, xopormio paznuuum Ha GoHe cHr-
HAJIOB, TEHEPUPYEMBIX MATHUTHBIM TIOJIEM JPYTHX HCTOU-
HUKOB. /{7151 OLIeHKM IHUCTaHUMM, Ha KOTOPBIX NPUMEHUM
METOJI, TOCTPOCHBI rpa)KN 3aBUCUMOCTH 3aTyXaHHUs Mar-
HUTHOHM MHAYKIMU YEeUHEHHOTO MPOTSDKHOTO MTPOBOIHUKA
C TOKOM OT paccTosHus (r) i1 3HaueHuit TokoB 10 A,
100 A, 1A, 5 kA, 10 kA (puc. 2).

BeckoHTaKTHBIN IMCTAHLIMOHHBIH MeTO perucrpa-
oMM Oeryuiux BOJH B AJIHHHOIN TuHUU. MeTton OeckoH-
TAKTHOTO M3BJICUCHHSI HH(POPMALIUH TTO3BOJISAET TOIYIUTh

rie A = (a,,) =1

) — Marpuna
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[B|, Tn
L2t —10A
— 100 A
& — 1 KA
e — 5 kA
10°°F — 10 kA

0,1 1 10 100 r,m

Puc. 2. 3aBUCUMOCTb MOJTYIISI HHIYKIMHA MarHUTHOTO TIOJISI OT
pacCTOsIHMS JUTsl YEMHEHHOTO IIPOBOTHUKA KPYIJIOTO CEUEHHUS
¢ TokoM. CHHHM IIBETOM OTMEYEHa CPeJIHAS HHTEHCUBHOCTh
MarHUTHOTO TOJIS 3eMJIH, KOTopasi kojebnercs oT 25 10
65 mMxTo!

Fig. 2. The dependence of the magnetic field induction modulus
on the distance for a solitary conductor of circular cross-section
with a current. The average intensity of the Earth’s magnetic
field is marked in blue, which ranges from 25 to 65 pT!

CBEJICHUSI O HAIPaBICHUU JIBUKEHUSI, CKOPOCTU U aMILIU-
Tyae Oerymei mpsMoil U oTpakeHHOH BoyH. J[1s ompe-
JeJICHUsT a0COMIOTHBIX 3HAYCHUN TOKOB OCTYIIUX BOJH
MOKHO HUCIIOJIB30BAaTh METO/, npez[non(eHHmﬁ B rioapasiac-
J1e «beCKOHTAaKTHBIM TUCTAaHIIMOHHBINA METOJl U3MEPEHUIN
TOKOB B YCTOSIBIIUXCSL PEKUMaX PaOOThI U MPH TIEPEXOJ-
HBIX Ipoleccax». MeToJ OCHOBaH Ha pa3MEIleHUU JABYX
JIATYMUKOB /, 2 MAarHUTHOTO TOJISl BAOJIb JJIMHHOMN JTMHUM,
TIOKJIIOUYEHHBIX K 00meMy camonuciy 3 (puc. 3). B ka-
YECTBE JIATUUKOB IPEJIaraeTcsi UCI0JIb30BaTh MarHUTHbIE
AQHTEHHBI, KOTOPbIE UMEIOT IOCTATOYHO BBICOKYIO UyBCTBH-
TEIBHOCTH U OBICTPOACHCTBHE.

M3BeCTHO, YTO CKOPOCTH BOJIHBI B HEMCKAXKatoLIe 0J1-
HOPOIHOM IJTMHHOMN JIMHUW V = 1/\/[?‘, rae L — morouuas
UHAYKTUBHOCTbH lIHHHHOﬁ JIMHUU, C — IIOTOHHAas1 EMKOCThb
JUTMHHOMN JuHUU. [Ipy HEOOXOIUMOCTH CKOPOCTh Pacipo-
CTpaHCHHWA BOJHBI MOXXHO YTOUHUTBH, 3HAasA PaCCTOAHUEC
MEXIy natuukamu (puc. 3) WIK MO CIpPaBOYHUKAM TIep-
BUYHBIX M BTOPUYHBIX XapaKTEPUCTUK JIJIUHHOMN JIMHUH,
MIPEJIOCTABISIEMBIM C KOHTAKTHBIMU PEIICKTOMETPAMH.

Pacnpoctpanenne Oerymux BOJH IIPH MEPEXOTHBIX
rpoleccax NPOUCXOAUT BOJHOBBIM IAKETOM, B PE3yJIbTa-
T€ KOTOPOI0 JAaTYMKU MO3BOJSIOT U3MEPUTDH I'PYIIIOBYIO
CKOPOCTb BOJIHOBOIO nakera. [lo HampaBieHuto pacnpo-
CTpaHEHUs Na/laloLEl BOJIHBI ONPEAEISAETCS HAlPaBIEHHUE
K MCTOYHUKY BOJIHOBOTO rakera. [Ipu perucrpanuu orpa-
JKEHHOM BOJIHBI 110 JJIUTCIBHOCTHU 3aJCPIKKH OLICHUBACTCA
BpeMsl PaclpOCTPaHEHHUS BOJHBI O MECTa OTPaKEHUS.
HMcTounnkaMu BOJTHOBBIX ITAKETOB MOTyT 6I)ITI) KOMMYTa-
LIMOHHBIE YCTPOWCTBA U TPO30BHIE Pa3PsIbL.

3HaYUTENbHbIC Ta0apUTHI ¥ MIPOCTPAHCTBEHHBIC MacC-
mTa0bl CHCTEM U CETCH AICKTPOCHAOKEHUS TO3BOJISIOT
W3BIICKATH JTOTIOJHHUTEIBHYIO HH()OPMAIIHUIO C MIOMOIIHIO
HEIOCPEICTBEHHOTO BU3YaJIbHOTO HAOIIOACHISI 00BCK-
TOB IEKTPUUECKUX CETEH M KapTUPOBAHUS C MOMOIIBIO

I Geomagnetism Frequently Asked Questions. National
Centers for Environmental Information (NCEI). [DnexrpoHHbIit
pecypc]. Pexxum nocryna: https://www.ncei.noaa.gov/products/
geomagnetism-frequently-asked-questions, cBo6oaHbIit. S3. aHIIIL.
(mara obpamrenus: 08.10.2023).

. N

1>< 3@ 2

Puc. 3. Cxema u3MepeHust OeryIiux BOJIH B JUIMHHOM JIMHUY:
1, 2 — naT4vKyd MarHUTHOTO TOJIs; 3 — CaMOIHCel]
Fig. 3. Measuring circuit of traveling waves in a long line:
1, 2— magnetic field sensors, 3 — recorder

KapTorpapuuecKux CepBUCcOB, Hanpumep, Google Maps?,
Sapexc kapt3 u np. OcOGEHHO YSI3BUMBI K TAKOMY BUILY
n3BnedeHust nHpopmannu Bozaymnsie JIDII, oTkpbITHIE
pacrpeaeauTeNbHble YCTPOCTBa U TpaHchopMaTopHbIe
MOACTAHLMH, KPYIIHBIC ICKTPOCTAHIUH H ITOTPEOUTEIH
JNEKTPOIHEPTHH.

Pe3y.]'ll>TaTl>l IKCICePUMEHTOB

YucieHHoe MOAEIHPOBAHNE M PeLICHUs] 00PATHOM
32724 BBIYMCJIEHUS] TOKOB B JUIMHHOM JUHHHU. J[15
MIPOBEPKH Pa3pabOTaHHBIX METOJOB BBIMOJIHEHO YHCIICH-
HOE MOJIETTMPOBaHNE B MporpaMmMHoM makete Wolfram
Mathematica. PacdeTsl comocTaBlieHBI ¢ pe3ylbTaTaMu
HaTYPHOTO 3KCIIEPUMEHTA.

Pacnionoxenue Tpex ¢a3 NpoOBOAHUKOB ¢ TOKaMH ij(%),
i»(?), i3(#) Bo3mymnoii JIDII 110 kB n garuukos Dy, D, u
D3 HHAYKIMY MarHUTHOTO 10714 ITOKa3aHo Ha puc. 4. Illar
CETKU Ha pUCyHKe cooTBeTCTBYeT | MeTpy. Kax bt naTumnk
PETHCTPUPYET JIBE KOMIIOHEHTHI MAarHUTHOW MHIYKIIMH OT
BpeMeHr — B (1) u B (1)

MopenupoBaHue BBIIIOIHEHO B CIEAYIOLIEM MOPS/I-
ke. Da3Hble TOKU OPUHATHI PaBHBIMU i1(f) = Ajcos(2nf),
ir(t) = Agcos(2nft + 2n/3), i5(f) = Aycos(2nft + 4n/3), rae
Ay =75 A— amiumryzna Toka; f = 50 'l — yacroTa Hanpsi-
JKeHUs. B Todukax pa3MerieHns JaTIuKOB B COOTBETCTBUH C
(2) mpom3BeneH pacyeT CyMMapHOTO BEKTOpa MarHUTHOM
MHIYKIWHU (OT TOKA Kax1ou ¢assl). K kaxmoit KoMnoHeHTe
BEKTOpA IaHHBIX MArHUTHON MHIYKUIUU B (f) 1 By(t) oJy-
YCHHOM C TaTYMKOB, J00ABJICH CITyYaifHbIH IayCCOB IIyM C

Puc. 4. Cxema pacrionoxeHus Tpex (a3 MpOBOIHUKOB
BO3/IYLIHOIT JIMHUHM SJIEKTPOIEpeIad U JaTYNKOB HHYKIIHH
MarHATHOTO MOJIS

Fig. 4. The location of the three phases of the air transmission
line conductors and magnetic field induction sensors

2 https://www.google.com/
3 https://yandex.ru/maps
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B\(1), Tn
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b
By(t)s Tn
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Puc. 5. 3HaueHNs] KOMIIOHEHTOB MarHUTHOW MHAYKUUH B (f) (a) 1 B(1) (b) B TouKax pacnonoxenus paruukos Dy, D, u Dy

Fig. 5. Values of magnetic induction components B,(7) (@) and B,(7) (b) at the locations of sensors D, D, and D

HYJIEBBIM CPETHMM 3HAYEHUEM M CIIEKTPAIbHOH INIOTHO-
cThio myMa Ny = 262 = 1,62-10-9 Tn?/T'11, 6 — cpeiHeKBa-
JpaTUYHOE OTKJIOHEHHUE PACIpE/IENIEHHs TayccoBa IIyMa.
ITosryueHHbIE NaHHBIC MCIIOJIB30BAHBI ISl BHIYMCICHUS
TOKOB B (Da3HBIX POBOJIHHKAX.

PacyeTHble 3HAUCHUsI MAaTHUTHON MHJIYKIMU B TOY-
Kax pacnoyioxenus naruukos Dy, D, u D; npusenens! Ha
puc. 5.

Pemast cucremsl ypaBHeHnH (3) ¢ UCHOIB30BAaHUEM
TIOJTyYEeHHBIX JaHHBIX, OJIyYUM 3Ha4YeHHs TOKOB i (f), i5(?),
i3(¢) B (pa3HbIX NpoBogHUKAX Bo3ayLHOM JIDII (puc. 6).

Io rpadukam (puc. 6) 3aMeTHO, 4TO (ha30BbL TOK i3(7)
HaMMEHee 3allyMIIeH, TaK KaK JaTIuKN K HEMY PacIioioxkKe-
HBI OITIKE, 9eM K IPYTUM ITpoBonHuKaM. Hanbomee 3amnrym-
neH ¢$a30BbIi TOK i1(f), TaK KaK JaTYUKH OT NPOBOAHUKA
PAcCIIOIOXKEHBI Ha HAnOOJIbLIEM YIaJICHUH.

HN3mepeHne TOKOB B NIJIMHHOM JABYXIIPOBOXHOM JIU-
Huu. Ha puc. 7 npuseneHa cxema JAByXIIPOBOAHON JIMHUU
C YKa3aHUEM PACIOJIOKEHHsI IPOBOJHUKOB C TOKOM I;(?) =
= —iy(f) = i,(¢) n naruuxa Xomna (D). [InockocTs narunka
XoJua pacrionaranach MepeHnKy/ISIPHO BEKTOPY MarHUT-
HOM MHAYKIMH. Ha npakTHKe MosioKeHue, MepreH IKyIsip-
HOE BEKTOPY MAarHUTHON MH/YKIIMH, MOKHO OITPEJIEIUTh 10
MaKCUMyMy aMIUIUTYHbBIX 3HAYCHNI epeMEHHONH KOMIIO-
HEHTBI TIOKa3aHUH JaTduKa.

AMIUITUTYJHOE 3HAaUEHHE CHUTHAJA C JaTdynka XoJula
(U,;x) cocrapmset 2,75 B mpu MOCTOSHHON COCTABIAIONIEH
Ha JaT4MKe, 00yCIIOBICHHON NHYKIIHE MArHUTHOTO TOJIS
3emun 1,49 B. Takum 00pa3om, aMIUTUTya CUTHAA, 00-
YCIIOBJIEHHAs! TOKOM B JIMHMH, cocTaBnseT U x = 1,26 B,

i), A
0t i\(1)
‘ ‘ — (1)
,0 ,O ,05 tLe i3(t)

—50 A

Puc. 6. I'paduku 3HaueHUH (a3HBIX TOKOB B IPOBOTHUKAX

Fig. 6. Graphs of current values in phase conductors

YTO COOTBETCTBYET MOJIYJIIO BEKTOPA MATHUTHOW WHTYKIHH
[B| = 0,2016 mT.

YuuteiBas (2), ¥ 9TO JATYNKU PACTIONOKEHBI HA OJTHOM
OCH BJIOJIb JIByXIIPOBOJHOW JIMHUHM, 3aIIMIIIEM BbIPAKCHUE
JUIsl MTHOBEHHOT'O 3HAYEHUSI TOKA B JIMHUH

7t|B|/ cos0; !

+
po \VAXT+ A7 VA + A3

cosb,

(0 =2

[Tpn 3agaHHBIX B SKCIEPUMEHTE TEOMETPUIECKUX T1a-
pamerpax (puc. 7) Ax; =Ax, = 1,5:-103 M, Ay =5-103 m
u 0, =0, = 0,287 pan, noayduM 3HaUCHHE NEHCTBYIOIIE-
ro Toka /; = 6,474 A. Tlpu nefcTByIoNeM 3HA9ECHUH Ha-
npspkeHns B cetn 220 B momy4yum 3HaYeHHE MOIIHOCTH
p ~ 1,42 xBr. [Ipu aToM pakTHUeckast MOITHOCTb HArpy3Ku
cocraBmwia 1,5 kBt. Takum 00pa3om, mOrpenrHoCcTs Mojie-
JIMPOBAHMS T10 JI@aHHBIM 3KCHEPUMEHTAIBHBIX N3MEPEHUI
He npesbimaert 5,3 %.

Ax; Ax,

6, /‘ 6,

Puc. 7. PacrionoxeHne TOUKH W3MEPEHUH U KOHPHUTYpalnu
MIPOBOJTHUKOB JUTMHHON JIMHUK
Fig. 7. Location of the measurement point and configuration of
line length conductors
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BeckoHTakTHasi perucrtpanusi Oeryumux BOJH B
JUIMHHOM JIUHMHU. B KauecTBe perucrparopa MCMoOJb30-
BaH ociuiorpad AKUIT-4115/4A. B HarpyxeHHYIO ak-
TUBHBIM conpoTusiaeHueM 0,05 Om nuHHUIO moxaBajics
€IMHUYHBIM UMIyIbC ¢ aMmauTynoi 15 B. dakrudeckas
JUIMHA JIMHUK cocTaBuia 33,2 M u Oblia BBINIOJIHEHA U3
nsyxnposogHoro kabens [IBC. Ha puc. 8 npusenena oc-
nuuIorpaMMa OeTyIux BOJH B JUIMHHON JIMHHH, TIONY-
YEeHHasl C MOMOIIBIO HETTOCPEICTBEHHOTO (KOHTPOIBHOTO)
M3MEpEeHNs HaPsDKEHUS U () U perucTpaliii MarHUTHOM
KOMITOHEHTHI 3JIEKTPOMAarHUTHOTO TIOJISI C TTOMOIIBIO Mar-
HUTHOHN aHTEHHBI U,,(¢). XOpOIIO BUIHO, YTO HA OCIMIIIO-
rpamMMe HampsoKeHHs U, (f) TPUCYTCTBYIOT NepBast MpsMast
BOJIHA M JIBE OTPAYKCHHBIEC BOJIHBI C M3MEHEHHBIMH (ha3aMu
Ha CTOPOHE TPUEMHHUKA.

Ha ocumnorpamme u,,,(f) BUAHO, YTO HHBEPCUS CUT-
HaJla Ha CTOPOHE NPHEMHHKA OTCYTCTBYET, YTO XapaKTepHO
IIPY BKJIFOYCHUHU HArPy3KH C MaJIbIM CONPOTHUBIIEHUEM U
OJIM3KO K PEKUMY «KOPOTKOTO 3aMbIKaHUs». [lepBuuHbIe
1 BTOPUYHBIC XapaKTEPUCTUKN JUTMHHOM JTMHUN MOXKHO
BBIYUCIIUTD, UCIIOJIb3YSl U3BECTHBIE BbIpaxkeHus [17, 18].
CKopocCTh pacmpocTpaHeHus! (PPOHTA IEKTPOMArHUTHOU
BOJIHBI B JIMHUM cocTaBisieT v = 0,1526-109 m/c. PacueTHas
JUTMHA JINHAY (B JaHHOM CJIy4ae — PAcCTOSIHUE OT HUCTOU-
HUKa JI0 HarPy3KH) TPH 00IIIeM BPEMEHHU PacpOCTPAHCHUS
npsiMoit u o6parnoit Bosubl T = 0,433-106 ¢ (1o Havany
¢ponra BonH), coctasiser [, ~ 33,04 m. Takum oOpazom,
omrrOKa OLCHKH JUTMHBI TUHUHU HE npeBbicuia 0,5 %.

[IpennoxeHHBIH METO/ PErucTpany Oerymx BOJIH B
JUIMHHO JINHUM C NTOMOIIBIO JBYX Pa3HECEHHBIX aT4H-
KOB MO3BOJIMJI U3MEPUTH C BBICOKOI TOUHOCTBIO CKOPOCTh
pacrpocTpaHeHHs! BOJIHOBOTO TTaKeTa, a 3HAYNT, OLICHUTh
3HAUCHMS 3aIa3AbIBAHUS OTPAKECHHBIX BOJIH JaKe B CIIy-
Yae, ecJIM CBOICTBA JIMHUM HE N3BECTHBI, HAIPUMED, CCITN
TIPOJIOJKEH MOJ3EMHBIHN KaOenb nim Kabeslb BHYTPH 3aHUH
1 COOPY’KEHHUH, MH(POPMALHA O THIIE KOTOPOTO HEN3BECTHA.

Pe3ynbraTsl MOAENINPOBAHNS U HATYPHBIX KCIIEPUMEH-
TOB ITOKa3aJIM, YTO MPE/JIOKEHHbBIE METO/IbI OECKOHTAKTHBIX
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Puc. 8. ®axktnueckoe HanpskeHHe U, (f) B NTMHHON JIMHUU U
HamnpsHKeHUe U,,,(f) ¢ 1aT4nKa — MAarHUTHAsI aHTEHHA

Fig. 8. The actual voltage u,(¢) in the long line and the voltage
u,,,(¢) from the sensor — magnetic antenna

H3MepeHI/1ﬁ JalT BO3MOXHOCTb JOCTUYb HeO6XOL[I/IMyIO
TOYHOCTb PCUICHUA IIOCTABJICHHOU 3aga4dyu HpI/I60pHOF0
ayiuTa U MOHUTOpHHIA Wb cHUIIOBBIX 2JIEMEHTOB U y3J10B
DJICKTPUUICCKUX ceTeil.

3akJ/ioueHne

Pazpaboran OECKOHTaKTHBIH METOJ] U3MEPEHUIT TOKOB
B YCTOSIBIINXCSI PEKUMAX pabOThI U MPHU MEPEXOTHBIX MPO-
Heccax B JUIMHHBIX JMHHUSX 33 CYCT pELICHUsT 00paTHOM
3a71a4M BBIYMCICHHUS TOKOB MHOTOTIPOBOJHBIX JUTHHHBIX
JIMHUM HA OCHOBAaHUH W3MEPEHHs] UX MAarHUTHOTO IO C
y4eTOM NIpHHIHKNA Ccynepro3unnn. [Ipemnoxen 6ecKkoH-
TAKTHBIM METOJ W3MEPCHHs HAIPABICHUS U 3aJCPIKKH
OTpakeHHsI OErylInX BOJH B [UIMHHON JUHUHA. [10Ka3aHbl
paHee He YUTCHHBIC KaHAJIbI YTeUKN HH(POPMALIMH U3 JICK-
TPUUYECKUX CHCTEM M CETEH, a TaKkKe CHOCOObl UX peru-
CTpaLHH.
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AHHOTALUA

Paccmorpena 3amaya oleHUBAaHUS [1apaMeTPOB HESIBHOIOJIOCHOIO CUHXPOHHOIO JIBUTATElsl C MOBEPXHOCTHO
YCTaHOBJICHHBIMU MOCTOSIHHBIMM MarHutamu. Ilpemiioxkena napaMerpu3anusi HEJIMHEHHON MoJle/id JBUTaTells,
M103BOJISIIOIAS TTOJIYYUTh PEIPECCUOHHOE COOTHOLICHHE C UCIOJIB30BAHUEM M3MEPEHHBIX (BBIUMCIICHHBIX) 3HAYCHUN
CHJIBI TOKA M HAMPSDKEHHS B 0OMOTKAX CTaTopa M yIIIOBOrO MOJNOkKEeHUs potopa. C MOMOIIBI0 METOa THHAMHYECKOTO
paciIupeHust ¥ CMEIIUBAHUS perpeccopa CUHTE3UPOBAH AITOPUTM OLICHUBAHUS MCKOMBIX IIApaMETPOB 3a KOHEUHOE
BpEeMsL.

KunwueBble ciioBa
CHHXpOHHLIﬁ JBUTATEJIb C NTOCTOAHHBIMU MarHUTAMU, JUHAMUYCCKas apaMeTpru3atnsg MOACIA, OEHUBAHUE MTAPAMETPOB
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cornamenne Ne 075-11-2023-015 ot 10.02.2023, «Co3naHue BEICOKOTEXHOJIOTUYHOTO CEPUHHOTO MPOU3BOACTBA
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Parameter estimation of permanent magnet synchronous motor
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Abstract

The problem of estimating the parameters of non-salient synchronous motor with surface-mounted permanent magnets
is considered. A parameterization of a nonlinear motor model is proposed, which allows obtaining a linear regressor
equation using measured (estimated) values of current and voltage in the stator windings and the angular rotor position.
Using the method of dynamic regressor extension and mixing, an algorithm for estimating the desired parameters in
finite time is designed.

Keywords
synchronous motor with permanent magnets, dynamic parameterization of the model, parameter estimation
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[Iupokoe pacnpocTpaHeHne CHHXPOHHBIX JIBUraTeleH
¢ noctosstHHbIMU MarHutamu (CHIIM) B aBHaliuoHHOM
TEXHHKE, aBTOMOOMIHPHOM MAITUHOCTPOCHUH, OHOMEIH-
LIWHCKOI ammmaparype, ObITOBOI TEXHUKE, POOOTOTEXHUYE-
CKUX CHCTEMaX, a TAaK)Ke B MPOMBIIIIIICHHOCTH, 0COOCHHO B
CHCTEMaX PerylUpOBaHUs CKOPOCTH C OOJBIIAM THAITa30-
HOM H BBICOKAM TEMITIOM ITyCKOB, OCTaHOBOK 1 peBepca [1],
TIPUBEJIO K POCTY MCCIEOBAHNN B 00JaCTH YIIPaBICHUSA
JNaHHBIMH JBUTaTesIMu [2, 3]. KoHTposb 3a 3HAaYeHHUSIMHU
napaMeTpoB MareMaTu4ecKoil Mojeiu (CONpPOTUBIICHHUE,
WHAYKTUBHOCTH, MOMCHT MHCPUIUH, KOS(i)(i)I/IL[I/IeHTI)I CHui
TPEHUS) OYEeHb BaXKEH B 3aj[a4ye IPOCKTUPOBAHUS COBpE-
MCHHBIX JIBUTATENICH C BCTPOCHHON MHTCIUICKTYyaJIbHON
CHUCTEMOH YIPAaBICHUS U PEKHUMOM CaMOJIHATHOCTHKH.
C/IIM c noBbIIEHHO! HaJEKHOCTHIO U CPOKOM PabOTEHI
BOCTpeOOBaHBI B COBPEMEHHBIX OE3JTIOMHBIX MPOU3BOJI-
CTBaxX B COCTaBe POOOTH3UPOBAHHBIX KOMILICKCOB, T/IC
yYacTHe YeJI0BEKa MHHUMAIIEHO.

[Ipencrasnennas paboTa MOCBAIMICHA CHHTE3Y aJTOPHT-
Ma OILIEHHWBaHUS MapaMeTpoB HesBHomoIocHoro CAIIM
C MOBEPXHOCTHOW YCTAHOBKOW MOCTOSIHHBIX MarHUTOB,
00eCTIeYynBaOIIEro MI00ATBHYIO0 CXOAUMOCTD OITHOOK O11e-
HUBaHHS [TApaMETPOB K HYJIIO 32 KOHeuHoe Bpemst. Cxema
MTOJIKJTFOUEHUS] MOXKET OBITh JIF00asi KOHBEHI[MOHAIbHAS, HO
9TO HEOOXOJMMO YUECTb IIPH Mepexo/ie K Moaeu aByxdas-
HOW MaIlIuHBL. AJITOPUTM OCHOBAH Ha JWHAMHUYCCKOI Iapa-
METpPH3aLUU HEIWHEHHON MOJICIH C IMOyYCHHEM JIUHEH-
HOTO PETPECCHOHHOTO COOTHOIIICHHS, HA OCHOBE KOTOPOTO,
C WCTIOJH30BaHUEM METO/Ia THHAMHYECKOTO PACIITHPEHUS
¥ CMEUINBAHUA perpeccopa, (GOpMUPYIOTCS OIEHKH BCEX
TapaMeTpOB JIBUTATEIIS.

TumoBast nByx(aszHas off-M0/eIh, ONMMCHIBAIONIAS M-
HamuKy uccienyemoro CJIIIM B HEMOABMXKHON CUCTEME
KOOPJAMHAT, CBA3aHHOW CO CTAaTOPOM, UMEET CIEAYIOLUN
By [4]:

0=o,
JO =—fo +niTJh -1, )
A=u-—Ri,

Li=x1—1,C(0),

e A € R2 — norokocrierienue (I0JHbIA MarHUTHBIH 110~
TOK); i € R2 — cuia Toka B 0OMOTKax craropa; u € RZ —
HalpspkeHne Ha 0OMOTKax craropa; L u R — WHIyKTHB-
HOCTb M COIIPOTHBIICHUE OOMOTOK cTaropa; j > 0 — MOMEHT
uHEepuu potopa; 0 € [0, 2] — yIIoBOE TONOKCHHUE PO-
TOpa; ® € R — MexaHuueckast yrioBas CKOpPOCTb; f — KO-
3¢ uIIEeHT BA3KOTO TpeHust; T, € R — MOMEHT Harpysku;

1, — KOJIMYECTBO [ap MOJIOCOB; A, > 0 — MarHUTHBI

-1
MOTOK OT MOCTOSIHHBIX MAarHuTOB; Marpuna J= [ 1

0
cos(n,0
u Bektop C(0) = [ ) ( P ) ; 31€eCh U jajiee MHIEKC «T»
sin(n,0)
03HAuYaeT ONepaInio TPAHCIIOHUPOBAHUSL.

Ha ocHoBe BbIpakeHUH /1J1s1 HOTOKOCLEIUIEHUS] U €ro

MPOU3BOAHOMH (1) mOTyYIrM COOTHOIIICHNE

Lj—lt =—Ri— A, n,0JC(6) + u. 2)
JlocTynHBIMU (M3MEPSIEMBIMU HJIN BBIYHCICHHBIMN)
CHUTHAJIAMU SIBIISIOTCS] CHJIa TOKA, HANpPSKEHHE 00MOTOK
CTaTOpa U YIVIOBOE MOJIOKEHUE pOTOpa. MOMEHT BHELIHEN
HArpy3KH MPEATOIaraeTcs OCTOSHHBIM.

BbinonHuM cUHTE3 anropuTMa OLEHHUBAHUS Iapame-
TpoB 1; = col(R, L, ,,,) € R3umn, =col(f,/, ;) € R3 3a
KOHEYHOE BpeMs, IIPU YCIOBUH, YTO BpeMms ¢ > 0. [lns
t > | IOy YNM:

() =yl < &, [Mp(0) — Mol < &, 3)

e, = col(R, L, im) um, = col(f, J, ;) — OLICHKH HCKO-
MBIX TIAPAMETPOB; €] U &, — BEJINYUHA, XaPAKTEPU3YIONIast
TOYHOCTH OLICHHUBAHHA, KOTOpast MOXKET 6])ITI) IIpUHATA
PaBHOI HYIIO, €CIIU JOCTYIHbIE CUTHAIBI HE MCKAKEHBI
IIYMaMH UM OIIMOKAMHU U3MEPEHHMIA.

Bomnpoc oleHMBaHus JOCTHXMMON TOYUHOCTH IIPH HAJIU-
YHH [IOMEX U3MEPEHHS M €€ 3aBUCUMOCTH OT [IaPaMETPOB
QJITOPUTMA NPEJCTABISET COOON OTAENBHYIO 3a1a4y U B
HacTosIell paboTe He PACCMOTPEH.

Ha mepBoM IIare moay4uM perpecCHOHHYIO MOJIENIb
OTHOCHTENILHO HEM3BECTHBIX MAPamMeTpos 1);. [lpumennm

K COOTHOIIEHUIO (2) TMHEWHBINH QUIBTP BHIA , TIpH
a

CIIOBUH, 4TO p: = —m 0. > (:
y p dt
p

L [i]=-R
p+(1l]

1
[i] - A, [n,0JC(0)] +
pta

1 “

pta

3amernm, uto n,0JC(0) = —~(C(6)), Torna noayunm
COOTHOIIIEHHE BH/Ia dt

v =110, ®)

rae n; = col(R, L, A,,) € R3 u Beruucnumbie GpyHKIHN
4] € R2 e € R3><2

1
[l ¢ = |—Ti] 2] 2
pta pta pto  p+

W= [CO)]].

o
Bribepem k£ > 2 pa3nuyHBIX 3HAYCHHUN MMapaMeTpa Jin-

HEWHOTo (pUiIbTpa o = 0 B PErpecCHOHHOM ypaBHEHHH (5),

a TaKxke Jo0aBUM MaciTabupyronmii koadduiwent iy > 0,

MOyYUM PACIIUPEHHYIO PErPECCUOHHYIO MOJEIh

¥,(1) =@ (1), (6)

rae ‘Pl(t) = M I'OW(\]I]([, U'1)7 cers ‘I’l(t’ ak)) € R]XZk’
D (1) = py row(@(2, ay), ..., @1(2, o)) € I$3X2k~
YMmHOKIM GyHKIMN Moaend (6) Ha @ (), moryanm
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¥, (@] (1) = N[ @ (D] (D). (7)

[IpuMenum mporenypy CMEIMBaHuA [5, 6], momrydum
Ha0Op CKAJSIPHBIX MOJICTICH:

Z,(1) =7 (0my, ®)

e Z[ (1) = (¥,(0®(1))adj{®, ()@ (1)} € R3, Ay(r) =
= det{®, ()@ (1)} €R.

Jist mosry4eHus OLEeHOK mapaMeTpoB Momenu (4) 3a
KOHEYHOE BPEMs BOCIIOJIB3YeMCsI MOOUGUIUPOBAHHOM
BepcHel anropuT™Ma IpaueHTHOTO cirycka [7, 8]:

() = Wit )(f1(f) f1(0)W1(f))
- W

A A 9
fl(f) =71A1((Zy (1) - A (DE1(1)), @)

rae v > 0 — koaddunueHT aganramun, a GyHKIuAs W,
paBHa:

— . (Puwi(®=py,
w0 = {Wl(t)’ wi(®) <py,
Wi(f) = =, AT (Ow (1), (10)
wi(0) =1

¢ HacTpoeuHbeIM napameTpoM p; € (0, 1). Anroputm u3
BeipakeHuit (9) u (10) obecneunBaeT IIOOAIBHYIO CXOTH-
MOCTb OIIHOKH OLIEHUBAHUS K HYIIIO B TOM CJTy4ae, €CIIu

Il

t,>0: {) A3dr>—1/y,In(p,). (11)
Ha BTOpOM I1are nmpuMeHUM JIMHEHHBIH QUIBTP BHIA
m, rae p: = Z u > 0, Ko BTOpOMY YPaBHEHUIO CH-
cremsl (1):
2 1
jﬁw] :*f@ fB)Z[e] Ppepr T
il

rae 1(f) — dynknus Xesucaiina.
[lepenumem Bropoe ypaBHeHHE cucTeMsbl (1) B BuIe
JIMHEHHOW perpeccuu

W2 =10, 12)
e M, = col(j, /; ;) € R3; y, € Ru ¢, € RP3 — ¢ynkuum
BHJIA:
Vs = (i
> prpy
P
0= o+ B)ZLO] (P*B)ZL 0] - B)2L HUIIE

OyHKIUS @, MOXKET OBITH BEIYHCIICHA HA OCHOBE J0O-
CTYITHOTO CHTHAJIa yIJIa II0BOpOTa 6, a \y, 3aBUCHT OT He-
JIOCTYITHOTO CHI'HAJIA TIOTOKOCIeryIeH s A. biaromapst anro-
pUTMy cocTosiemy u3 Beipaxenuii (9), (10) u yerBepromy

ypaBHEHUIO cucTeMbl (1) BOCCTaHOBUM MTHOBEHHOE 3Ha-
YEHHE ITOTOKOCLETIIICHUS U, MOJIb3YSICh OLIEHKOH TTOJTHOTO
MArHHTHOTO TIOTOKA A IpH (OPMUPOBAHMH perpeccopa,
JUISL pErPeCCHOHHOTO ypaBHEeHus (12) ¢ TpeMs pa3nuyHbI-
MH TTapaMeTpaMi [3 IIOBTOPHM aJrOPUTM U3 BBIPAKCHUI
(7)—~(10) ¢ macmrradbupyromum koddhunnerTom p, > 0 s
TOJTyIEHHUS OLICHOK 1],

(1) = (fz(f) fz(O)Wz(f))

I B
LT
6,(0) = VA5 (D(Zo(1) — Ay(DE(1)),

Tal0) = { P2, Wo(1) = Py,
: wi(1), wa(t) < py,

W(t) = 1285w (1), wx(0) = 1,7, >0,
Z; (1) = (PL()@3(1)adj { D, (VD3 (1)},
Ax(t) = det { D)) D5(1)},

W, (1) = torow (o (2, By), .., Wa(t, B3)),
@, (1) = porow(@,(, By), -, 9o, B3)),

)Z[JJM

V2 =1,
"o+

p2

@+ By

9= [6] etOI

0]
-+ B>2L (»+ B
i=Li+%,C(0). (13)

[TomydeHHBIH anropuT™M odecrneynBacT IodaIbHYO
CXOJJMMOCTb OIIMOKHU OLICHUBAHMS K HYJIIO TIPH OTCYTCTBUH
MOMEX M3MEpPEHHH U BBITIOJIHEHUE 1enu (3) Mpu nx Hallu-
YHH, €CIN

12 1
a1, > 0: [ Addt > ——1In(p,), p, € (0, 1). (14)
0 Y2

Jst BermonHeHus ycaoBus (11) Tpebyercs, 94ToOsI B
perpeccope @; He ObIJI0 TMHEHHO 3aBUCMBIX KOMIIOHEHT,
M JIOCTAaTOYHO, €CJIM €r0 KOMIOHEHTBI HEe CXOMSTCS K HYITIO.
[MTocnennee crpaBeUIMBO B OOBIYHBIX PEXUMaX (DYHKIH-
OHMPOBAHUS JIBUTATEIsl, KPOME €ro MOJIHOW OCTaHOBKH.
JluneliHast 3aBUCMMOCTh MOXKET HAOMIONAThCS HA ITPAKTHKE
IIPY BEKTOPHOM YIPAaBJICHUH, €CJIM JKEIaeMOe 3HAUYCHHE
TOKa i, (CUJIa TOKa 10 IIPOAOIBLHON OCH BO Bpallarolencs
crcTeMe KOOPAMHAT, CBI3aHHOM C pOTOpPOM) OyAeT paBHO
Hy/110. B 970l cBA3M [UI OLIeHUBAHUs IAPaMeTPoB R u A,
MOKHO HCITIOJIB30BaTh MOJIXO/ MHXKEKIIMH BEICOKOYaCTOTHO-
ro curHana [9], a IMEHHO 3aJaTh JKeJIaeMoe 3HaYCHHE i; B
BHUJIE TAPMOHNYECKON (PYHKIIMH OOJBIIION YaCTOTHI I MaJIOi
ammuaTyabl. s BeimonHeHus ycnosuid (14) TpebyroTcs
aHaJIOTHYHBIC YCJIIOBUS Ul PErpeccopa @, YTO MOXKET
ObITh 00€CIIEUEHO TP HEMOCTOSIHHOM YIJIOBOM YCKOPEHHH.
B nporuBHOM city4yae, B 3aBUCUMOCTH OT JJTUTEIBHOCTH
MIePEXOHBIX MPOLIECCOB M NMapaMETPOB AJITOPUTMA, YCIIO-
Bus (14) MOryT OBITH HAPYIICHBI.

OTMeTHM, 9TO B IIPEJIOKEHHOM aJITOPUTME UCTIONB30-
BaH TOJIbKO apPaMeTp KOIMYEeCTBA ap MONIOCOB 71, KOTO-
PBIIt MO’)KHO CUHTATh M3BECTHBIM, @ OCTAJIbHBIC ITapaMeTphl
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Figure. Rotor rotation speed («) and norms of estimation errors for parameters f}; (b) and 1, (c)

TpeOyIoT OleHKH. B 3TO# CBA3M BIMSHHUE MapaMeTpuye-
CKUX BO3MYILIEHUH UCKIIOYeHO. Eciu paccMoTpeTs noMexu
U3MEPECHM, TO HAa TPAKTUKE JIJId YMCHBIICHUSA UX BIUAHUA
MO>KHO HCITIOJIb30BaTh OHJIAMH BEPCHUI0O METOAAa HAUMECHb-
HIMX KBaJpaToB C aHAJOTMYHOW MOAM(UKAIMN IS 110-
JIy4EHUsI CXOJJMMOCTH 32 KOHEYHOE BpeMsi. OTMETHM, 4TO
HCIIOJIb3YEMBIH JIMHEHHBIN (QUIBTP MOXKET OBITh 3aMEHEH
Ha JII000M IpyToii IMHEHHBII oriepaTop JUIs JTydinei Qpuib-
Tpauuu curHayioB. [1omydeHHBIH aarOpuT™M A0CTATOYHO
YYBCTBHUTEJICH K CMEIICHHUSAM B ITOMEXaX H3MEPSIEMBIX CUT-
HAJIOB, TIOATOMY TIPH UX HAJTMYHH MOXKHO BOCIIOJTE30BaThCS
TTOZIXO/IOM, TIPEITTOKEHHBIM B padote [10], c mapamerpusa-
IM€eN U OLIEHUBAHUEM dTHUX CMEIIEHUHN.

Ha pucynke mpencTaBieHsl pe3yabTaTbl YUCICHHOTO
MozaenupoBanus padotsr apuraresiss BMP0O701F Schneider
Electric [2], cormacro momenu (1), co clieayrOImuMu 3Ha-
yeHusiMu napameTpoB: R = 8,875 Om, L = 0,04003 T,
n,=5,f=0,05Hwmc, &, =0,2086 BO, j = 6-10-5 xr-m2,
1, = 0,1 H-m. IIpu sTom anroput™ (5)—(10), (12), (13) ¢
mapameTpamit v, = v, = 5, p = 0,9, 1,(0) = 0, #,(0) = 0,
o = 50, 0y = 100, Bl = 50, '?)2 = 75, B3 =100.

Jts peryaupoBaHus CKOPOCTH JBHUTATEIIS HCIIOIH30Ba-
HO BEKTOPHOE YIIPABIICHHE CO CICAYIOMUMH MapaMeTpaMu
JUIsL PETyIsITOpoB ckopoctH k, = 0,0528, k; = 23,6871 n
TOKa kp =0,1601, k; = 35,5. Tpebyemasi cKOpOCTh, TO-
JaBaeMasi Ha BXOJ PerynsaTopa, cocTaBmia 15 pan/c.
HeobOxomnmoe 3HaueHne Toka i 4 (cuia Toka 1o monepeyHon
OCH, BO BpalaloIIeics: CUCTeMe KOOPAMHAT, CBSI3aHHOM C

Jluteparypa

1. Sakunthala S., Kiranmayi R., Mandadi P.N. A review on speed control
of permanent magnet synchronous motor drive using different control
techniques // Proc. of the 2018 International Conference on Power,
Energy, Control and Transmission Systems (ICPECTS). 2018. P. 97—
102. https://doi.org/10.1109/icpects.2018.8521574

2. Bobtsov A.A., Pyrkin A.A., Ortega R., Vukosavic S.N.,
Stankovic A.M., Panteley E.V. A robust globally convergent position
observer for the permanent magnet synchronous motor // Automatica.
2015. V. 61. P. 47-54. https://doi.org/10.1016/j.
automatica.2015.07.032

3. Ortega R., Monshizadeh N., Monshizadeh P., Bazylev D., Pyrkin A.
Permanent magnet synchronous motors are globally asymptotically
stabilizable with PI current control // Automatica. 2018. V. 98. P. 296~
301. https://doi.org/10.1016/j.automatica.2018.09.031

potopom) ObITO CHOPMUPOBAHO PETYIATOPOM CKOPOCTH,
a iy BeIOpaHo paBHbIM 0,5sin(507). BHEmHUI MOMEHT T/,
mpuJIokeH ¢ MoMeHTa Bpemenu 0,1 c.

JIOIIOJIHUTENBHO CUTHAMBL \y U ¢ OBUIM IPOITYLIEHBI

4yepe3 HUIBTP ¢ nepeaToyHon (QyHKIHeH . Kpome
p+50

TOTO, Ha QJITOPUTM OLICHWBAHMSI CUTHAJIBI IT0aBAJINCH 10~
CcJle 3aBEpPIUICHHUS TIEPEXOIHBIX MPOIECCOB Ha (QMIIBTPax,
npuHsATOro paBHbM 0,2 ¢, UTO Pearn30BaHO C MOMOIIBIO
M3MEHEHNs MacmTabupyommx ko3ddumuenros: p; = 0
s t € [0; 0,2) cmpy =2000 s £ > 0,2 ¢, gy = 0 ot
t€[0;0,4)cnp,=5000 11 ¢>0,4c.

B n3mepenns cuisl Toka 100aBieHa moMexa ¢ paBHO-
MEpPHBIM CiTydaiiHbIM pactpenenenuem [—-0,05; 0,05] A, a B
3HAUCHHUS HANPsDKEHUS, TIOCTYTAIOIINE Ha BXOJ aJlTOPUTMA,
roMexa ¢ PaBHOMEPHBIM CIIy4ailHbIM pacIpeiesieHHueM
[-0,1; 0,1] B. BaxxHo, uTo HamnpspkeHue, Kak MpaBuiio,
OBUIO HE U3MEPEHO, a BBIUNCIIEHO, & COOTBETCTBYIOLIAS
cUcTeMaTH4YecKasl OINOKa pacyeToB CMOJICIMPOBAHA T10-
Jladeil Ha aJTOPUTM 3alIyMJICHHBIX 3HAUCHHWH Harpspke-
Husl, ymMHOkeHHbIX Ha 0,99. Cuia Toka mocie 3aBepiie-
HUSI IEPEXO/THOTO TIpoliecca Oblila U3MEHEHA B THAIa30He
[-0,85; 0,85] A, a manpspkerne — [-23,5; 23,5] B.

Ha pucynke BUIHO, 4YTO NPEAJIOKEHHBIN alrOpuUT™M
OLICHNBAHUSI 00ECIEUNII CXOANMOCTb HOPM BEKTOPOB OIIN-
00K OIleHWBAaHHA MapaMeTPOB B HEKOTOPYIO MaJIyI0 00-
JIaCTh MPH HAIMYUH TIOMEX U3MEPEHHUS U CUCTEMATHUECKOM
OLIMOKY pacyeTa HarpsKeHUsL.
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AHHOTaNMA

Paccmotpena npobnema 3amuTel HHPOPMAIHH, COeprKaIelicsi BO BHYTPEHHEH ITaMsITH MHKPOKOHTPOJIIEPOB ceMelicTBa
Renesas RL78. BrrsaBiena n nccnenoBana ys3BUMOCTh 3THX MHKPOKOHTPOJIIEPOB, MTO3BOJISIONIAS H3BIECKATh JaHHEIS
13 BCTPOCHHOHN (NIDII-TTAMATH C UCIIOIB30BaHUEM IIporpamMmaropa. IIpoTecTipoBan criocod aBTOMAaTH3UPOBAHHOTO
BOCCTAHOBJICHHSI COJEPKMMOTO BCEH 00JaCTH MaMsTH, B OCHOBE KOTOPOTO JIEKHUT CHEIHAIbHO pa3paboTaHHOE
nporpaMmMHoe obecredyeHne. Pe3yabTaTsl HCCIIEOBAHUSI CBUACTEILCTBYIOT O HEJOCTATOUHOM 2()(HEeKTHUBHOCTH
peaIn30BaHHBIX MIPOU3BOAUTEIIEM MEP OTPAHUYCHUS NOCTYIIA. Omnwucan BapuaHT U3BMEHCHUA ynpasnmomeﬁ KOMaH/1bI
MpOrpaMMaTopa, BeyIIHii K MTOBBIIEHUIO 3alUIIEHHOCTH JaHHBIX. [IpeicTaBneHa MEeToANKA TOTHOTO BOCCTAaHOBIEHHUS
JAHHBIX (DIAII-TTAMSATH, TPOTECTUPOBAHHAS B TIpOrpamMMe, pa3padboTranHoi B cpexe LabVIEW.

KiroueBsbie ciioBa
nHpOpPMAIMOHHAs 0€30MIaCHOCTh, MUKPOKOHTpoiuIep, Renesas RL78, ¢pmami-namsTe, n3Bae4eHHE TaHHBIX
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Abstract

The problem of protecting the information contained in the internal memory of the Renesas RL78 Family Microcontrollers
is considered. The vulnerability of these microcontrollers has been identified and investigated, which allows extracting
data from the built-in flash memory using a programmer. A method of automated recovery of the contents of the
entire memory area, based on specially developed software, has been tested. The results of the study indicate the
insufficient effectiveness of the access restriction measures implemented by the manufacturer. A variant of changing the
programmer’s control command, leading to an increase in data security, is described. A technique for complete recovery
of flash memory data is presented, tested in a program developed in the LabVIEW environment.
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information security, MCU, Renesas RL78, flash memory, data extraction
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B Hacrosiiee BpeMsi MUKPOKOHTPOJIIEPHI 00IIero Ha-
3HAYEHUS MIUPOKO MPUMEHSIOTCS B AJIEKTPOHHKE. 3a4acTyIO
OHHU 00pabaThIBalOT HHPOPMAIMIO KOH(OUACHIINAIEHOTO
XapakTepa, HalpuMep: KOJAbl TOCTYIa, TapoJd U KIIo-
4y mupoBaHus. [laHHBIE TAKOTO POAA, XPAHSIINECST BO
BHYTPEHHEH NMaMsTH, JOJDKHBI HAJIEKHO 3ALIUINATHCS
OT YTPO3, CBA3aHHBIX C MOCTOPOHHUM BMENIATEIECTBOM.
[IpexycMOTpeHHBIE TPOU3BOAUTEISIMU CIIOCOOBI OrpaHu-
YEHHs JOCTYIIa K yCTPOHCTBAM C HETBIO 3aUThHI HH(pOpMa-
LMY NHOT/IA OKA3bIBACTCS HEJIOCTATOUHBIMU. DKCILTyaTalust
KOHCTPYKTHBHBIX YSI3BUMOCTEH MOXKET OKa3zaTbcs (-
(I)CKTI/IBHBIM crmocooom JJId U3BJICYCHUA NAaHHBIX U3 BHY-
TpeHHel maMaTH [1]. OcoOblit HHTEpEeC MpeaCTaBIgI0T
HEHWHBa3MBHBIE METO/IbI MIOJYUYEHUs] UHPOPMAIUH, TPU
HCIOJBb30BaHUM KOTOPBIX COXPAHSETCS LEIOCTHOCTb KOp-
myca u paboTocrocoOHOCTh yCTpoiicTBa. B 3aBucuMocti
OT HaJIM4MS BHELTHETO BO3JEHCTBHS HA OOBEKT 9T METO/IBI
MOJpa3AesiloTCs Ha aKTUBHBIE U naccuBHbIE [2]. TlepBblit
TUT XapaKTepu3yercs: 0obIIeii THOKOCTHIO M B HEKOTO-
PBIX CIIy4asiX IMO3BOJISIET OTKPBITH JIOCTYI K CTaTHYECKOM
MIaMSTH MIPU yCTAHOBJIEHHOW MPOM3BOIUTENIEM 3aIlUTE.
B Hacrosme#t paboTe paccMOTpeHa OHA U3 CEPbE3HBIX
mpobieM 0e30macHOCTH, OOHAPYKEeHHAS! B MUKPOKOHTPOI-
nepax Renesas, mpuMeHsieMbIX B OBITOBON 2JIEKTPOHUKE.
[Ipu uccnenoBaHUN THX MUKPOKOHTPOJUIEPOB MOCTABICHA
3aJa4a aHaJu3a BO3MOKHOCTEH BOCCTAHOBJIEHHS 3allIMIIA-
eMoil MH(OPMAIMU C UCTIOIB30BAaHUEM TOJIBKO CTaH/IAPT-
HBIX CPEJICTB, MPEJHA3HAYCHHBIX JJIsl IPOrPaMMUPOBAHUS
U OTJIaJKH, 0e3 CIennaIn3upOBaHHOTO JIOPOTOCTOSIIETO
o0opymoBaHusI.

[Tpobnema 3amyTHl TaHHBIX, COACPIKAMIMXCS BO BHY-
TPEHHEH MaMsITH MUKPOKOHTPOJUIEPOB, SIBIISIETCS OCOOCHHO
aKTyaJIbHOH B yCIIOBUSIX IIMPOKOTO PACIIPOCTPAHCHUSI AJIEK-
TPOHUKH BO BCeX cepax KuU3HU. [[pakTHUecKkn B JFOOBIX
YCTPOHCTBAX BaKHO 0OECIIEUNBATh COXPAHHOCTH HE TOJIBKO
MIPOTPAMMHOTO KO/, 3aJI0KEHHOTO TIPOU3BOIUTEIIEM, HO U
Pa3HOOOPa3HBIX TOJIB30BATEILCKHUX JaHHBIX KOHPHICHIIH-
anbHOro xapakrepa. C 1eaplo OrpaHUYeHHs] CTOPOHHETO
JOCTyIa K TakoW MH(POpPMAIUU B MUKPOKOHTPOJLIEPax
MIPUMEHSIOTCSI Pa3InYHbIE CIIOCOOBI 3aIIUTHI MaMSITH.

MO’KHO BBIZIETTUTH HECKOJIBKO PaclpOCTPAHEHHBIX TH-
TIOB 3aIIUTHI OT U3BJICUCHNUS COJICP’)KUMOTO BHYTPEHHEH Ta-
MSTH TIPH TTOAKITIOYCHUE MUKPOKOHTPOJIIEpA K ITporpaMma-
TOpY: OMT CEKPETHOCTH; yCTAaHOBKA MapOoJIst; IHU(PPOBAHHE
JTAHHBIX; 3aMPET IO/ICPKKH OTEPAIINN YTCHUSL.

YcraHoBKa OWTa CEKPETHOCTH 00ECIIEYMBACT BHICOKYIO
CTEMEHb 3aIUTHI U SBISETCS HanboJee IPOCTHIM BapHaH-
TOM IIPU TEXHUYECKOH peannsannu. DTuMu pakropamu
00yCJIOBICHO IIMPOKOE PacIpOCTPaHEHUE TaHHOTO pe-
LIEHUsI B MPOYKIMH PA3IMYHBIX (pUPM-ITPOU3BOIUTENICH.
Hecmotpst Ha 04eBHIHBIC TIOCTOMHCTBA JJAHHOTO CrIoco0a,
nccaenoBanus [3—5] mokasanu, 4To 3al[UTa MOXKET OBbITh
IIPEO0JI0JICHa C MOMOIILI0 MHBA3WBHBIX U HEMHBA3UBHBIX
MeTon0B. Hanpumep, 000WTH OUT CEKPEeTHOCTH ITOMOTa-
10T MAaHUMYJSILUHU C HAMPSDKEHUEM MUTAHUS HEKOTOPBIX
YCTPOMCTB M 0OMyYeHHE COOTBETCTBYIOIICH SYCHKH Ha
KpHUCTAaJUIE TIPH JIOKAJIbHOM BCKPBITHH KopIryca [6].

3amuTa ¢ MOMONIBIO Maposis Ooiee HaJeKHa M0 CpaB-
HEHHIO C YCTAaHOBKOI ONTa CEKPETHOCTH, TaK KaK H3MEHHTh
KaKMM-JIN00 00pa3oM OJHOBPEMEHHO MHOTO OMTOB MJIH
MPEeIOTBPATUTH OOpaleHnue CUCTeMBbl K HUM 0Oe3 Hapyle-
HUS JaJbHEHIIero pyHKIMOHUPOBAHUS KpaiiHe 3aTpy-
HUTEJBHO. [l XpaHeHUs TapoIIsi MOJKET MUCIIOIb30BaThCS
KaK OT/eJIbHast 00JIacTh MaMsTH, TaK U ocodast ajpecHas
30Ha B 00mIeM IpocTpaHcTBe. B mocnenHeM cirydae B Ka-
YEeCTBE MapOIsi MOXKET BBICTYTIATh JTI00as OaifToBas moce-
JI0BAaTEJIbHOCTD, KOTOPAsi H3HAYAJILHO TIPEIHA3HAUCHA IS
Jpyrux GpyHKIMI COMIacHO Koy MUKpoIiporpaMmbl. Takoi
TIOIXO/T YTIPOIIAET PeaTn3annio 3alIUThl IPU COXPAHEHUHT
3¢ }eKTHBHOCTH M MHOT/IA BCTPEYaeTCsl Ha MpakTHke [7].

[Tpumenenune mudpoBaHus JaHHBIX BCEH BHYTPEHHEH
naMsATH WIK HanboJiee KPUTHYHOM K yTeYKaMm ee 4acTH
SIBIISIETCS] HAJIC)KHBIM CIIOCOOOM 3aIINTHI UCXOAHON HMH-
(hopmaryu, ecim odecriednBaeTCsl BEICOKAsH 3alUIIIEHHOCTD
Kiro4a. OueBHIHO, UTO ISt 00pabOTKHM JaHHBIX TpedyeTcs
TIpeABapuTeIbHas AeMM(pPOBKA, TOITOMY MUKPOKOHTPOI-
Jiepy DOJKEH OBITh M3BECTEH KIIFOY. XPaHEHHE KITF0Ua B Ta-
KOM 7K€ HHEPrOHE3aBUCUMOM NaMSITH Ha KPUCTAJUIE AETIaeT
YCTPOMCTBO YSI3BUMBIM K Pa3IMUHBIM METOAAM aHAIN3a, B
TOM YHCIIe Mo MOOOUHBIM KaHaIaM [8, 9]. B 3aBucHMOCTH
OT anropuTMa mudpoBaHust MOXKHO UCIOJIb30BaTh OJUH
13 MHOXKECTBa CIIOCO0O0B, YTOOBI MOMBITATHCS BOCCTAHO-
BUTb UCXOJHBIC JaHHBIC, HO JOMOJHUTCIIbHAA CJIOXKHOCTH
BO3HHUKAET U3-32 OOJIBIION TPYAOEMKOCTH H JUTUTEIBHOCTH
mporecca.

HeBo3MOKHOCTB TPOU3BECTH CUNTHIBAHHE 110 TIPUIHHE
OTCYTCTBHSI IOAJICPKKH MUKPOTIPOIIECCOPOM TaKoH orepa-
MY, Ha TIEPBBIM B3IV, JOJDKHA 00ECTIeYnBaTh HAMITyd-
IIYIO 3alIUTY U3 BCEX BOSMOXKHBIX. TeM He MeHee, Jlake B
TaKUX YCIJIOBHUSX BCE €IIE JOCTYITHO BBIMOTHEHHE IPYTHX
onepanuil ¢ BHyTpeHHeH naMsaThio. Kak nmokaspIBaeT npak-
THKA, UX OIpEe/eNICHHAas KOMOUHALNS TOXKE MOXKET OBITh
HESIBHBIM CIIOCOOOM 00X0/1a 3alUThl U MOJHOTO BOCCTA-
HOBJICHUS NAHHBIX.

CeMelicTBO MUKpPOKOHTposnepoB Renesas RL78
BKJIIOYAET B ce0s MHOXKECTBO MOJEIEH, KOTOPBHIM CBO¥i-
CTBeHHa mupokas obnacts npumenenus!. KioueBoit
0COOCHHOCTBIO BCEX MOJIEJIEH 3TOTO CEMENCTBA SIBISETCS
MPUHINTIHAIBHOE OTCYTCTBHE BO3MOKHOCTH CUUTHIBAHHS
COZIEP’)KUMOTO BHYTPEHHEH MaMATH NMPH MOAKIIOUCHHN K
IporpamMmaTopy. 3arpy3ka JJaHHBIX U3 (UIBII-TIAMSITH MU-
KPOKOHTPOJIIIEPOB HE MPEAYCMOTPEHA TIPOU3BOANTEIIEM B
LEeIX o0ecrieueHnst 0€30IMacHOCTH.

B nacrosmieii paboTe uccienoBaHbl 8-OMTHBIE MUKPO-
KoHTpoiepbl Renesas cepun 78K0S2, apxurekTypa BCTpo-

I Renesas RL78 Family Microcontrollers [DnexTponHbIii pe-
cypc]. Pexxum nocryma: https://www.renesas.com/us/en/document/
fly/rl78-tfamily-microcontrollers-brochure, ceoboaHsIiA. S13. aHTIL.
(mara obpamenust: 10.07.2023).

2 78K0S/KY 1+ 8-Bit Single-Chip Microcontrollers [Dnekt-
ponHbIi pecypc]. Pexxum noctyna: https://www.renesas.com/in/
en/document/mah/78k0sky1-users-manual, cBo6oaHbIit. S3. aHruI.
(mara obpamenus: 10.07.2023).

1248

Hay4yHO-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MeXaHUKn 1 ontukn, 2023, Tom 23, N2 6
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 6


https://www.renesas.com/us/en/document/fly/rl78-family-microcontrollers-brochure
https://www.renesas.com/us/en/document/fly/rl78-family-microcontrollers-brochure
https://www.renesas.com/in/en/document/mah/78k0sky1-users-manual
https://www.renesas.com/in/en/document/mah/78k0sky1-users-manual

K.K. Kongpawuos, A.b. JleBnHa

CHHOM MaMsITH KOTOPBIX aHAJOTUYHA YCTPOUCTBAM CeMeH-
ctBa RL78. [IpuHuunuanbHble OIS HOBOT'O CEMEHCTBA
3aKJIIOYAIOTCSl B COKpAIIEeHHOM Habope KOMaH]I Iporpam-
MHPOBaHUs. DKCIICPUMECHTAIBFHO BBISBICHO, YTO MUKPO-
KOHTPOJUIEPHI 00aJaf0T CYIMIECTBEHHON YSI3BUMOCTBIO,
KOTOpAast TaeT BO3MOYKHOCTh BOCCTAHABIIMBATH COICPIKAMOE
¢mmr-namsry. [Iporiexypa BoccTaHOBICHNS OCHOBaHA Ha
OUKIUIECKUX OMEPANUAX 3alUCH STIYCHKN W CUUTHIBAHUS
KOHTPOJIHOH CyMMBI MacCHBa (IIII-TaMATH. Peanm3anms
JIAHHOW METOJIMKU OKa3ajiach BOBMOKHOM U3-3a TOTO, YTO
B cepun 78KO0S 3anuch paHHBIX (QUALI-TIAMSITH TPOU3BO-
quTCsl mobaiiTHo, B omnune ot cepun 78KO0, roe 3amnuch
BBITIOJIHAETCS OII0OKaMK 1o deTsipe Oaiirtal. Kiouesyro
POJIb UTPAIOT KOHCTPYKTUBHBIE U CXEMOTEXHHUYECKHE 0CO-
OEHHOCTH CTPOCHHMSI MAaCCHBA STYEEK, BCICACTBHE KOTOPBIX
3anuck HyneBoro Oaira (00h) moBepx moboro apyroro
3HAYCHUS, XPAHSIICTOCs B sTYCHKE, SBISCTCS JOITYyCTUMOMN
¥ BCeTa MPOXOAUT YCICUTHO 0e3 MOBPEkKACHUS TaHHBIX.
Pemratormmm pakTOpoOM CTaJIo TO, UTO pacyeT KOHTPOIBEHON
cymmbl Qmm-niamsita B cepun 78KO0S ocymecTsieH mo-
0aliTHO 110 ONIMCAHHON B JOKYMEHTALMU METOIUKE?,

OOHapyXeHHas ySI3BUMOCTb COCTOUT B U3MECHEHUH
OJIHOTO OaiiTa UCXOJAHOTO MAacCHBa, IPU KOTOPOM H3Me-
HSIETCsI KOHTPOJIbHAS cyMMa. Jlaee ¢ momolnkko paspado-
TAHHOTO 0OPATHOTO aJrOPUTMA 110 U3BECTHOMY 3HAYECHUIO
KOHTPOJIBHOW CYMMBbI YCTaHOBJIEHO IIepBOHAYaIbHOE 3HA-
YeHue nepesanucanHoro Oaiira. [Ipu aToM BoccTaHOBIIE-
HUE BBIMOJHEHO TOJBKO MO OHOMY OalTy B MHBEPCHOM
MOpsIIKE, HAUMHAS C aJpeca MOCIeAHeH SYeHKH TTaMsITH.
KoHTponpHas cymMMa JaHHBIX B YCTPOHCTBaxX cemeicTBa
RL78 BRUHCICHO MO aITOPUTMY HHUKIHYECKOTO M30BI-
tounoro koga (CRC)3. 3nauenne CRC ¢ maremarndeckoii
TOYKH 3pEHUs ONpeaeseHo GpyHKImen f oT Habopa OaiiToB
bg, ..., by nast N siueex nmamsTu:

CRC =f(b0, ey bel)‘

[Mocne 3amereHust IepBoro OaiiTa HyIeBbIM 3HAUCHUEM
KOHTPOJIBbHAsI CyMMa MacCHBa UMEET CIIECTYIOMNIl BUA:

1 78K0/Kx2 8-Bit Single-Chip Microcontrollers Flash
Memory Programming [nekrpoHHsli pecypc]. Pexunm roctymna:
https://www.renesas.com/us/en/document/apn/78k0kx2-flash-
memory-programming-programmer, cBOOOAHBIN. S3. aHTII. (1aTa
obpammenus: 10.07.2023).

2 78K0S/Kx 1+ 8-Bit Single-Chip Microcontrollers Flash
Memory Programming [OnektpoHHEIH pecypc]. Pexnm nocrymna:
https://www.renesas.com/in/en/document/apn/78k0skx 1 -flash-
memory-programming-programmer, cBOOOHbI. SI3. aHn. (nara
obpamenus: 10.07.2023).

3 RL78 Microcontroller (RL78 Protocol B) Serial
Programming Guide [DnexTponHsIii pecypc]. Pexxnm mocryma:
https://www.renesas.com/eu/en/document/apn/rl78-family-rl78-
microcontroller-rl78-protocol-b-serial-programming-guide, cBo-
OonubIi. S13. anr. (mara oopamenus: 10.07.2023).

CRC' =f(0, bl’ N bel)'

[lepBoHavyanbHOE 3HAYCHUE IEPE3aNUCAHHOIO OaliTa
paccYMTaHo B pe3yibTare IPUMEHEHUs 00paTHON (PyHKIINU
K MacCuUBY, B KOTOPOM Oa#Thl by, ..., by | U3BECTHBIL:

bo=f"YCRC, by, ..., by

MerTo/MKa TIOJTHOTO BOCCTAHOBIICHUSI TAaHHBIX (MIAIII-T1a-
MSITH yHUBEpCcajbHa JUisl JIIOOBIX YCTPOHCTB ceMeicTBa
Renesas RL78. Brienum crneayroniue OCHOBHbBIE IIArd
METOJTUKH.

[ar 1. CunTeiBaHKE U COXPAHEHUE KOHTPOJIBHOU CyM-
MBI Bcel (IaII-TIaMSITH.

[ar 2. 3anwch HyIeBOro 0aifTa B MEPBYIO SYCHKY aHAa-
JIM3UPYEMOTO MUKPOKOHTPOJLIEPA (€ MIIa UM PECOM).

[ar 3. [ToBroperne maroB 1 U 2 I TOCTIETYIOMINX
siUeeK, 10 NPEAIOCIEAHEN.

[ar 4. IToxy4yenue MaccuBa KOHTPOJIBHBIX CYMM, pa3-
MEpPHOCTh KOTOPOTO paBHA 00bEMY MaMSTH.

[ar 5. 3anmyck cnenuaau3upoBaHHOTO IPOrPAMMHOTO
o0ecriedeHus1, KOTOpoe MpeIHa3HaYeHO ISl BOCCTaHOBIIE-
HUSI COIEPIKUMOTO (DIIdMI-NTaMSTH IO MAaCCHUBY KOHTPOJIb-
HBIX CyMM.

[ar 6. [Toxy4yeHue u coxpaHeHUE pe3ybTara.

[IpennoxxeHHass METOIMKA IPOTECTUPOBAHA B IPOrpaM-
Mme, paspadorannoii B cpenie LabVIEW. B mporpaMmy Obin
3arpy’K€H MacCHB KOHTPOJIBHBIX CyMM. ABTOMAaTH3aIIHs
BBIYHCIICHUN TTO3BOJIHIIA OBICTPO BOCCTAHOBUTH BCIO 00-
JacTh (UIBII-NIAMITH MUKPOKOHTPOJLIEPA.

3alUIIEHHOCTh MUKPOKOHTPOJJIEPOB ceMeicTBa
RL78 or mocryna k JaHHBIM (QIIAII-IAMSITH HEJb3s1 00e-
CHEYUTh YCTAHOBKOM ammapaTHOro 3alpeTa Ha ONepariuu
3alKCH, YTO BO3MOXKHO B YCTPOUCTBAX APYTrUX CEMEHCTB.
O0s13arenbHOE MPEe/IBAPUTENEHOE CTHPAHUE TTAMSITH TIEPe/]
3aMMChI0, MPETYCMOTPEHHOE KOMaHAO0N 3arpy3Ku Koja,
ABysieTcst 9P PEKTUBHOM 3alIUTON OT BOCCTAHOBJICHHS CO-
JIEP’)KUMOTO C MCIIOIBb30BaHMEM OOIIIEI0CTYITHBIX CPECTB.

B pesynbrare npoBeACHHBIX HCCIIEOBAHUI BEISBIIC-
Ha ysA3BUMOCTh MHUKPOKOHTpPOJUIEpOB Renesas cemeiicTBa
RL78, mo3Bomnsromas n3BIeKaTh HHPOPMAIIUIO U3 BHY-
TpeHHEH nmamsATH. 3allUTHBIE MEPHI B BUAE OTCYTCTBUS
(YHKIMM YTEHUS HMaMITH 4epe3 MporpaMmarop UMEIOT
CepBE3HBINH BUA, HO OKAa3bIBAIOTCSA HEOCTATOYHBIMU IS
obecriedeHust HaJIOKHOCTU XpaHEHHsT KOH(HICHIINATbHBIX
JaHHbIX. OTHOCUTENbHAS MPOCTOTA pealu3alluu J0CTyma
MOBBIIIACT YPOBEHb YIPO3bl IOCTOPOHHETO BMEIIATENb-
cTBa. BO3MOXXHOCTh BOCCTAHOBJIEHUS JaHHBIX U3 BCEIrO
aJPECHOT0 NMPOCTPAHCTBA OTKPBIBAET MYTh AJISI KOMUPO-
BaHUs MUKPOIPOTPAMMHOTIO KOJa, OXPaHsIEMOTO aBTOP-
CKMMH TIpaBaMu. [IpeaBapurensHoe cTHpaHUE MaMITH
nepes] 3alKchlo0 OrPaHUYMBACT IPUMEHUMOCTh CTaHAAPT-
HBIX CPEJCTB Ul M3BICUCHUSI MH()OPMAINH, UTO BEJET K
MOBBIIICHUIO 3aMINIIEHHOCTH.
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TPEBOBAHUS K O®OPMJIEHUIO CTATEN

KypHan nybnumkyeT HayyHble 0630pbl, MOHOTEKCTOBbLIE CTaTbU
1 KpaTkme coobLeHus.

[MonHOTEKCTOBAs CTaTbsl LO/MKHA MMETb YETKYIO CTPYKTYPY, BKIIO-
yaloLLyto B ce0s1 aHHOTaLMIO, KiloYeBbIE CI0BA, BBEAEHWE, HECKOJbKO
cozepXaTebHbIX PasfesioB U 3ak/Il0HEHME.

B aHHOTauum, paccynTaHHOM Ha CaMbll LUMPOKNI KPYT YuTaTenen,
Heobxoammo B o6beme 200-400 cnos B popme kpaTkoro pedepara
(Abstract) ns3noxmTb Hay4yHOE COAEpXaHue cTaTbu: MPeameT, Lenb
paboTbl, MeTon, WA METOAOSorns npoBedeHuss paboTbl, KpaTkoe
onnMcaHne 3KCNepUMEHTa, NONMYYEHHbIE Pe3ynbTaTbl, PEKOMEHAALNN
Mo NX NPUMEHEHUIO.

KnioyeBble cnoBa [O/KHbI OTpaxaTb MHdOpMaumio, npeacras-
NIeHHy10 B cTatbe. OCHOBHOE KJIIOHEBOE CNOBO YKa3bIBAETCS MEPBbLIM.

Bo BBeoeHUM HeobxoouMMO MpPencTaBuUTb COLEPXaATENbHY Mo-
CTaHOBKY paccMaTpMBaeMOro BOMpPOCa, MPOBECTU KPaTKUA aHa-
NIN3 U3BECTHbLIX N3 HAYYHOW NUTEPATYpPbl PELUEeHUI (CO CCbIIKaMu Ha
VCTOYHUKW), AaTb KPUTUKY UX HELOCTATKOB, MOKa3aTb HAYYHYIO HOBU3-
HY 1 NPENMYLLLECTBO (OCOOEHHOCTU) NpeanaraemMoro noaxoaa.

B 0CHOBHOM TekCTe CcTaTbM A0/MKHA ObITb NPEACTaBeHa cTporas
NOCTaHOBKA peLlaeMon 3aa4u, N3N0XeHbl 1 0OCTOATENBHO pa3bsc-
HEeHbl (J0Ka3aHbl) NOJlyYeHHbIE YTBEPXKAEHUS U BbIBOAbI, MPUBELEHDI
pe3ynbTaThl 9KCMEPUMEHTANIbHbIX NCCNEA0BAHNA N MaTeMaTnyec-
KOro MOAENVPOBaHUS, UNIIOCTPUPYIOLLNE COENAHHbIE YTBEPXOEHUS.
OCHOBHOI TEKCT CTaTby OOKEH OblTb Pa3buT Ha coaepXaTesnbHble
pasgensl (2-3 paszena).

B 3aknio4yeHnn HeobxoaMMO KpaTko cOOPMYIMPOBaATL OCHOBHbLIE
pes3ynbTaTthbl, NPOKOMMEHTUPOBATb UX 1, €CAIYM BO3MOXHO, YKa3aTb Ha-
npaBfAeHns AaNbHENLLX NCCNE0BAHNI 1 061aCTU MPUMEHEHNS.

MpucTaTeliHbii CNUCOK NUTepaTypbl (pekomenayeTcsl): ana 06-
30pHON cTaTb — He MeHee 50, ons NOSIHOTEKCTOBOWM CTaTbW — He
MeHee 15, ons kpaTkoro coobLleHnss — He MeHee 8 nuTepaTypHbIX
MCTOYHUKOB.

CcCblfikM Ha CTaHAAPTbI Y UHBbIE HOPMATUBHbIE LJOKYMEHTbI, @ TakXe
Ha HENEPCOHUPULIMPOBAHHbLIE MHTEPHET-PECYPChI B CMINCOK NnTepa-
Typbl HE BHOCATCS, @ 0POPMASIOTCS B BUAE CHOCOK.

O6bemM 0030pHOIM CcTaTbW MNpPenBapuTeNbHO COrNacoBbLIBAETCS
C pefakumen.

O6beM NONHOTEKCTOBOW CTaTby, BKAKOYAA UNOCTpaLmm, Tabnm-
Libl U CMNCOK NUTEPATypbl, HE AOKEH NPEBbIWATL 8 CTPaHUL, MaLluun-
HOMUCHOIrO TekcTa (C pucyHkamm u Tabamuamm), wpudT 12 pt, oanH
VIHTEepBa.

0O6beM KpaTkoro coobLueHns — 0o 3 cTpaHu, wpudT 12 pt, oamH
vHTepBan. Pybpukauus TekcTta He TpebyeTcs. CTaTby NPUHUMAIOTCS B
3NeKTPOoHHOM Buae (ntvitmo@itmo.ru). B pacneyataHHOM BUAE C Noa-
NMCsSMN aBTOPOB MaTepuanbl NPeacTaBasioTCs B pefakuumio no 3a-
NpoCy peaakLmm Nocsie NPOXoXAeHNs NpoLueaypbl PELEH3NPOBAHMS.

KomnnekT LOKYMEHTOB LO/MKEH BKIKOYATb:

+  TEeKCT CTaTbyM C 3aBEPCTAaHHbLIMU PUCYHKaMK 1 Tabnnuamu;

+  ¢dopMbl cBeaEeHMM 06 aBTOpax (Ha Kaxaoro aBTopa); AonyckaeTcs
yKa3aHue HeCKOJbK1X MecT paboTbl aBTopa;

+  dannbl C pUCyHKaMm K ctatbe B OpurnHanbHoM dpopmaTte (npes-
noytutensHo JPEG) ¢ makcumanbHbIM paspelleHnem; gonycka-
eTCsl NpeacTaBfeHne LBETHbIX PUCYHKOB, €CNN B Y4epHO-0enom
BapuaHTe TepsieTcs nonesHas nHhopmaums;

*  JINLUEH3NOHHOE COrMaLleHuE;

+ cornacue Ha 06paboTKy NEPCOHasbHbIX AAHHbIX.

REQUIREMENTS FOR EXECUTION OF PAPERS

Scientific reviews, full-text and brief papers are published.

A full-text paper should have a well-defined structure, including
an abstract, keywords, introduction, several substantive chapters and
a conclusion.

An abstract is intended for general public. It is necessary to set
forth the scientific content of the paper limited by 200-400 words in the
form of a brief abstract: the subject, the work objective, the method or
methodology of work, a brief description of the experiment, obtained
results, recommendations for their application.

Keywords should be connected with the information presented in
the paper. The main keyword is given first.

The introduction should contain a meaningful statement of the
issue in question, a brief analysis of the solutions known from scientific
literature (with references to sources), a criticism of their shortcomings,
scientific novelty and advantages (features) of the proposed approach.

The main body of the paper should represent exact statement of
the problem being solved, obtained assertions and conclusions are to
be set forth and explained in detail (proved), the results of experimental
studies or mathematical modeling should be given to illustrate the
statements made. The main text of the paper needs to be split up into
meaningful sections (2-3 sections).

In conclusion it is necessary to summarize the main results,
comment on them and, if possible, to indicate the areas of future
research and application.

A list of references is recommended: for a review paper — at least
50 items, for full-text paper — not less than 15, for a brief paper — at
least 8 references. References to standards and other regulatory
documents, as well as to Internet resources, are not included in
a reference list and are documented as footnotes.

The length of a review paper is coordinated with the editorial board
beforehand.

The length of a full-text paper, including illustrations, tables and
references, should not exceed 8 pages of typewritten text (figures and
tables included), font 12 pt, single-spaced.

The length of a brief paper is up to 3 pages, font 12 pt, single-
spaced.

No rubrication is required.

Papers are accepted in electronic form (ntvitmo@itmo.ru).

Materials are submitted to the editors on request after the
procedure of reviewing in a printed form signed by the authors.

A set of documents should include:

+ The text of the paper with make-up figures and tables;

+ The forms with information about the authors (for each author),
several employers can be specified by the author;

+ Files with pictures to the paper in their original format (preferably
JPEG) with the maximum resolution; should useful information is
lost in the black and white variant, color drawings are permitted;
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